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Abstract 
 
Ensuring a sustainable power generation supply into the future is of worldwide importance. A 
combination of power generation methods to meet this (including both fossil plant and 
renewables) is a certainty. Therefore, the maintenance of conventional fossil-fired plants is 
required to provide a low cost, flexible and reliable electricity supply, and in order to conserve 
fuel resources it is important to ensure they operate as efficiently as possible. Lifetime predictions 
of important components (such as turbine blades in industrial gas turbine engines) are essential in 
order to avoid failures and unnecessary downtime, improve the ability to schedule routine 
maintenance work and to help develop new coating systems to meet the ever more demanding 
requirements. Better models would allow improved predictions and mean that service schedules 
could be set with better accuracy thereby, limiting downtime and reducing costs as well as being 
better able to predict coating performance and thus increase engine efficiency. 
 
Ni-based superalloys are a common material utilised for turbine blades due to their high 
temperature strength. Coupled with MCrAlY coating systems and thermal barrier coatings (TBC) 
they are able to withstand both the high temperatures and arduous environments they will 
encounter during service. In order to effectively predict the lifetime of components such as 
turbine blades it is vital to understand the oxidation behaviour of these systems and how factors 
such as the MCrAlY composition, processing factors and thermal cycling affect their 
performance. MCrAlY coatings are commonly utilised to protect the alloy substrate from the high 
risk of oxidation and corrosion. The ‘M’ in MCrAlY is generally Ni, or Co or a combination of 
the both. These systems work by elements within the MCrAlY (notably Al) reacting with oxygen 
in the environment and forming protective thermally grown oxides (TGO). 
 
As these systems are very complex, a detailed understanding is needed of all areas, especially the 
TGO. This research was concerned with the characterisation of the TGOs formed on different 
compositions of MCrAlY coatings as a function of time and temperature.  A range of coated 
samples were exposed to both isothermal and cyclic conditions to simulate service conditions.  A 
wide range of analytical techniques have been utilised including scanning electron microscopy 
(SEM), energy dispersive x-ray analysis (EDS), electron backscattered diffraction (EBSD), 
transmission electron microscopy (TEM) and dual beam focussed ion beam field emission gun 
scanning electron microscope (FIBSEM) for phase characterisation. Detailed analyses of the 
iii 
MCrAlY bond coat, TGO and TBC layers have been made with regards to how composition, 
temperature, processing parameters and thermal cycling affect them. Thermodynamic equilibrium 
calculations have also been performed using commercial software in conjunction with a 
thermodynamic database for Ni-based superalloys to provide information about phase stabilities 
at equilibrium. 
 
Four MCrAlY coating systems have been analysed in detail in this research (NiCoCrAlY, 
NiCrAlY, CoCrAlY and CoNiCrAlY). Thermodynamic equilibrium calculations predicting phase 
amounts and compositions have been compared with experimental data with good correlation. 
The microstructural evolution from short term to long term ageing has been charted for all bond 
coat systems. The Co containing systems were shown to be very similar showing a main 
aluminium rich TGO, with precipitates forming in the TGO multi-oxide/spinel regions above it. 
The NiCrAlY was shown to have a completely different behaviour, forming a mixed Cr/Al oxide 
initially followed by an aluminium rich TGO. Whilst precipitates were seen in the aluminium 
TGO, no multi-oxide/spinel regions were seen. 
 
Further in depth analysis of the oxide formations was undertaken. The oxide on all coating 
systems was shown to form via similar mechanisms, whereby the Y in the bond coat is doping the 
oxide and changing the growth mechanism. Analysis of the TGO showed that on the Co 
containing coatings the TGO was alumina and on the NiCrAlY a mixture of chromia, mixed 
Al/Cr oxide and alumina beneath. The form Y has taken in the bond coat was quantified using 
high resolution techniques, as were the Y precipitates within the TGO. Each bond coat system 
was seen to contain different forms of precipitate however they were all thought to mainly form 
via the outward diffusion of Y from the bond coat, although it is possible some were existing 
particles in the bond coat enveloped by the growing oxide. It was also discovered that in the 
NiCoCrAlY system Ti precipitates were present along with strong Ti segregation at the 
boundaries, where Ti was thought to have diffused from the superalloy substrate to the oxide. The 
presence of Ti is thought likely to alter the grain boundary diffusion and probably increase scale 
growth. The multi-oxide/spinel regions (shown to be mixed Co, Cr, Al, Ni oxides) were shown to 
correlate well with similar formations noted in previous literature and are thought to be a result of 
the variable interface morphology of the coatings resulting in localised Al depletion and the 
formation of breakaway oxides. 
 
iv 
The effect that processing parameters and thermal cycling can have on the system has also been 
investigated. It was shown that the interface morphology (which is linked closely to the 
processing parameters) can greatly affect the oxide formation, both in terms of precipitates within 
the TGO and multi-oxide/spinel regions. The interface morphology was also shown to have 
important implications with regard to the cyclic life, through its effect on the stresses within the 
system, which in turn can affect the cyclic life. The nature of the oxide formations were also 
shown to influence the cyclic life. 
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Chapter 1 
1                       Introduction 
 
The efficiency of a gas turbine engine relies heavily upon the operating temperatures that are 
achievable and this has led to a demand for materials that are able to operate at extremely high 
temperatures whilst retaining high strength. Ni-based superalloys have therefore become a major 
material used for turbine blades due to their good tensile, rupture and creep properties and the 
ability to operate at 0.8Tm for long time periods[1]. However, aggressive operating environments 
result in an additional need to protect these materials from oxidation and corrosion. Ni-based 
superalloys already have good inherent oxidation resistance, however, extra coatings are often 
employed to improve these properties further. 
 
‘Damage’ at the surface of the turbine blades can occur as a result of oxidation and corrosion 
reactions due to the harsh operating environment. This damage can lead to a reduction in the 
mechanical properties due to deleterious phase formation and a loss of section thickness. 
Increased protection from damage can be achieved via the use of coatings, typically MCrAlY 
(where M = Ni, Co or a combination of the two) coupled with ceramic thermal barrier coatings 
(TBC) of yttria stabilised zirconia are used. The ceramic TBC allows higher operating 
temperatures, thereby increasing thermodynamic efficiency. The MCrAlY acts to increase the 
adhesion of the TBC, but most importantly acts as sacrificial layer from which protective oxides 
can form, which protect the system from further oxidation and corrosion. Protective oxides are 
formed from the interaction of elements such as Al and Cr in the MCrAlY coating reacting with 
oxygen present in the environment, leading to the formation of a thick, protective oxide. 
Consequently, the life of a coating can be related to its ability to form a protective oxide. 
Alumina is the oxide most commonly formed on MCrAlY bond coats; however a number of 
other oxides, including chromia, can also be formed. The composition of the MCrAlY coating 
will affect the oxide formation and therefore careful control of the composition is vital to ensure 
that the correct oxide is formed to allow sufficient protection of the component, and hence 
increase its service life. 
 
On the other hand, the oxide formation can itself cause problems within the system. In an ideal 
world an alumina scale would form at the interface between the bond coat and the TBC, thick 
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enough to be protective, and would then stop growing or grow very slowly. In practice this is not 
the case because several different oxides can form and the growth of these oxides can impart 
stresses into the system. Several factors can affect the stress build up as a result of the oxide 
formation; different thermal expansion coefficients cause stresses during cool down and startup, 
the geometry of the interface results in different stresses along the interface due to its curvature, 
and if the aluminium level in the bond coat drops below a level whereby alumina cannot form, 
fast growing voluminous breakaway oxides can form, imparting further stresses into the system. 
 
Procedures for predicting the life of coatings and Ni-based superalloys are therefore crucial, both 
in the determination of lifetimes of existing components, but also in the development of new 
materials. However, life prediction is not easy because a multitude of factors can affect the 
service life of the components and the systems are very complex: the MCrAlY composition, 
interface geometry and MCrAlY deposition method are but a few of the factors that can affect the 
interfacial stress states, and therefore the lifetime of a component. 
 
The aim of this research has been to gain a fundamental understanding of the microstructural 
evolution, as a function of time and temperature, of a range of MCrAlY coatings on a Ni-based 
superalloy substrate. The focus of the research was on the thermally grown oxide (TGO) 
formation and how this can be affected by a range of parameters. The effect of changing MCrAlY 
composition, of changing process parameters (i.e. deposition method and changes in powder 
vendors) and the effect that thermal cycling have on the system have all been analysed. The 
samples examined have been both isothermally and cyclically aged at various times and 
temperatures, representative of the service conditions of an industrial gas turbine engine turbine 
blade. Four different compositions of MCrAlY bond coats have been examined; a NiCoCrAlY, a 
NiCrAlY, a CoCrAlY and a CoNiCrAlY coating. 
 
The literature relevant to this research has been reviewed in Chapter 2, and includes discussion of 
the major phases that can form in Ni-based superalloys during service exposure conditions. The 
principles of oxidation and the various coating processes that can be applied to superalloys are 
also discussed, as well as common failure mechanisms of coated Ni-based superalloy systems. 
 
The details of the materials used, and the experimental methodology are presented in Chapter 3. 
Thermodynamic equilibrium calculations have been carried out in order to predict the amounts 
and compositions of phases that will occur within the material system, at equilibrium, as a 
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function of temperature, which in turn assists with phase identification. The majority of the 
microstructural characterisation has been conducted using scanning electron microscopy (SEM) 
coupled with energy dispersive x-ray (EDS) and electron backscatter diffraction (EBSD) to 
determine the composition and structure of phases and aid in their identification. A dual beam 
focussed ion beam scanning electron microscope (FIBSEM) was used to produce site specific 
samples for analysis. This procedure allowed extraction of specific regions of oxide for 
examination that would not have been possible with thin foil techniques. Identification of the 
oxides formed in the different systems was possible with the use of selected area diffraction 
(SAED) and energy dispersive x-ray (EDS) analysis within the transmission electron microscope 
(TEM). 
 
Chapter 4 discusses the results of the thermodynamic equilibrium calculations carried out on the 
different MCrAlY bond coats. Calculations were carried out in order to predict the amount and 
chemical composition of the phases predicted to occur at equilibrium as a function of temperature 
and chemical composition, which in turn assisted in phase identification. A multi-component 
diffusion model capable of simulating the evolution in microstructure of a coated Ni-based 
superalloy system was developed separately in parallel with this research. This model is useful as 
a predictive tool for assessing microstructural evolution and therefore the effective thermal 
exposure of coated Ni superalloy systems, in addition to the design of new coated systems. The 
model was capable of predicting the changes in concentration and phase stability across the 
coated superalloy system after ageing and the results have been compared with the experimental 
observations in this research.  
 
Chapters 5-8 discuss the microstructural evolution of several bond coat systems after isothermal 
ageing at representative service temperatures. The effect of different MCrAlY compositions has 
been examined with regard to its effect on bond coat phase structures, and also the oxidation 
behaviour. Samples have been examined in an as-received (post spray and solution heat 
treatment) condition and after short term isothermal ageing (1, 10, 100 and 200 h) and long term 
isothermal ageing (2000 and 10000 h). Four MCrAlY bond coats have been examined. The 
results from thermodynamic equilibrium calculations have been compared with experimental 
results for phase structures and compositions, using combined EBSD and EDS for phase analysis 
and EDS for phase compositions. The microstructural evolution of the bond coat, TGO and TBC 
layers have been examined using SEM, EBSD and EDS.  
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Chapter 9 provides an in depth, high resolution analysis of the TGO formations on isothermal 
aged samples for all MCrAlY compositions. Reactive elements (such as Y) are routinely added to 
MCrAlY compositions to improve oxide adhesion, however, these reactive elements can greatly 
alter the oxide growth mechanisms and their rates, and the nature of the precipitates forming 
within the TGO. FIBSEM prepared site specific samples have been used to obtain samples that 
thin foil preparation methods would not have been able to produce. Several analytical techniques 
have been utilised in order to characterise all aspects of the oxides and associated phases formed, 
including low voltage backscatter electron imaging (LVBSE), TEM, EDS and SAED for phase 
identification. 
 
The effects of processing parameters can have a large influence on the subsequent behaviour of 
an MCrAlY coated Ni-superalloy system during service. Chapter 10 examines the effect of 
changing processing parameters on three different MCrAlY coatings with the same nominal 
chemical composition. Two low pressure plasma spray (LPPS) coatings from different vendors, 
have been analysed. The resulting oxide formations and chemical compositions as a function of 
ageing treatments have been analysed using SEM and EDS 
 
The thermal cycling of gas turbine engines in service is common and can affect the lifetime of a 
component due to additional stress considerations. Chapter 11 discusses the effect of thermal 
cycling on both the failure of the systems and their oxidation behaviour when compared to 
isothermally treated samples. Three MCrAlY bond coats have been analysed; a CoCrAlY, and a 
CoNiCrAlY’s (both sprayed by the same technique (LPPS)), from different powder vendors. The 
microstructural evolution has been analysed with respect to oxide formations and chemical 
compositions using SEM and EDS techniques. 
 
Finally chapter 12 provides a comprehensive summary of the research and offers suggestions for 
future work. 
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Chapter 2 
2                     Literature Review 
2.1 Introduction 
The turbine is a technology that has been around for approximately 100 years, with the first steam 
turbine being developed in the late 19th century and first applied to marine propulsion by Parsons 
in 1897[1]. Early attempts to produce gas turbine engines were unsuccessful for several reasons, 
with the largest stumbling block being that the materials needed to operate at the required 
temperatures and pressures were not available. That was until Sir Frank Whittle’s groundbreaking 
work on the gas turbine, followed by his first experimental engine which ran in 1937[2]and the 
rapid development of gas turbine engines thereafter for aircraft in World War II. The gas turbine 
engine then went on to be further developed before being used to power a Gloster E.28 in 1941[3] 
and was subsequently used by the Meteor aircraft as well as many civil and military aircraft in the 
1950’s and onwards until present day. Figure 2.1 shows a cutaway image of a gas turbine engine. 
 
 
Figure 2.1: A cutaway image of an industrial gas turbine engine[4]. 
 
Gas turbines also began to be used in other fields such as power generation and for pumping sets 
for oil and gas, and transmission pipelines[1]. To begin with the technology used for industrial gas 
turbine engines followed that of steam turbines, with the majority of materials development being 
for aero engines, where the need for high performance and low weight led to ever more efficient 
Turbine 
Compressor 
Combustion 
Chamber 
Exhaust 
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engines operating at high temperatures. Inevitably as industrial gas turbines have become more 
widespread for power generation, the need for more efficient engines producing more power have 
led to the adoption of new materials that have filtered down from aero engines. 
 
The materials used for the first gas turbine engines were originally carried over from existing 
designs for superchargers and piston engines with the main materials being steels, the first of 
which used by Whittle was called Stayblade[1]. As material development continued, materials 
better suited to the high stress, high temperature environment were developed, with titanium and 
cobalt alloys and eventually Ni-based alloys being utilised. Ni-based alloys are now almost 
standard in their use for turbine blades in both aero and industrial engines. Their outstanding 
strength and oxidation resistance over the temperature range encountered has made them the ideal 
choice for the hottest and most stressed parts of a gas turbine engine, with a capability to operate 
at 0.8Tm[5], where Tm is the melting point. 
 
In power and aerospace engines there are five main materials requirements in addition to 
resistance to high temperature (700oC and above): oxidation, erosion, corrosion (including hot 
corrosion), creep resistance and thermomechanical fatigue resistance. Superalloys were 
developed in order to fulfil these demands. The superalloy materials are customarily based upon 
the Group VIIIA elements such as nickel, iron and cobalt. The typical alloying additions may 
include chromium, aluminium, tungsten, molybdenum and tantalum amongst others in order to 
enhance the creep, oxidation behaviour and high temperature strength.  
 
Additions of chromium to the early alloys for corrosion resistance caused problems with 
chromium carbides that adversely affected the strength. A move to Ni-based alloys was made due 
to their increased properties over their iron based counterparts. Ni-based superalloys are usually 
strengthened via a precipitation strengthening mechanism in which a hardening phase of Ni3(Al, 
Ti) is present, known as γ′. Figure 2.2 shows schematically the historical change in Ni superalloy 
compositions, with time. 
 
Literature Review                                                               Chapter 2                     
7 
 
  
Figure 2.2: A qualitatively comparative view of trends in superalloy chemical composition, reproduced 
from[5]. 
2.2 Wrought and Cast Ni-based Superalloys 
Wrought Ni superalloys can and have been used for turbine applications but as a consequence of 
increasing the operating temperature for greater efficiency, a common solution is to move to cast 
components. Some advantages of casting include the ability to make intricate shapes (both 
internal and external), to control the microstructure of the metal via cooling and it is an ideal 
process for small production runs. Castings generally have a γ′ fraction of 50-60%[6]  and thereby 
a lower γ matrix fraction. The γ′ phase is rich in aluminium which is crucial for oxidation 
resistance, and the matrix is rich in chromium which is essential for good corrosion resistance. 
This lower γ matrix fraction limits the maximum overall additions of alloying elements which 
preferentially partition to this phase such as Cr, Mo and W, which can also promote topologically 
close packed (TCP) formation when added in larger quantities. However, Cr is important for hot 
corrosion resistance and thereby coatings may also need to be employed in order to improve the 
corrosion resistance further. Consequently a balance is called for between the volume fraction of 
γ′ and the remaining matrix to provide the necessary combination of oxidation and hot corrosion 
resistance, with the possibility of using coatings to further improve these properties. 
 
There are several reasons why cast alloys are preferred over their wrought counterparts, such as 
the fact that higher Ti and Al contents improve stress rupture properties and the fact that forgings 
have intrinsically lower creep properties due to defects induced in the crystal lattice, although the 
presence of porosity in castings also needs careful control. However, the greatest advantage is the 
level of control of alloy cooling therefore allowing the microstructure to be finely controlled 
during the casting process in order to improve alloy properties. Some alloys are conventionally 
cast with no special methods used other than those to control the cooling rates to within the 
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desired limits to obtain a microstructure that is advantageous. However, the grain boundaries are 
weak and if they can be removed in the main stress direction substantially stronger components 
can be made. There are two main ways that the cast microstructure can be more stringently 
controlled to improve the properties; directional solidification or single crystal casting.  
 
Directional solidification is a process whereby the solidification of a component is controlled to 
align the grain boundaries along the axis of the blade, enhancing the high temperature properties. 
This is achieved by cooling a turbine blade from the base upwards to the tip. In single crystal 
castings the same basic process of directional solidification is used, however, a selector acts as a 
grain filter to achieve the single crystal blade, which again further increases the alloy’s high 
temperature capabilities. Figure 2.3 presents a schematic diagram of the process of producing a 
single crystal blade. 
 
Figure 2.3: Schematic diagram illustrating the principle of directional solidification with a single crystal 
selector, reproduced from[6]. 
 
Most modern turbine blades are cast using investment casting techniques, whereby a ceramic 
leachable core can be used to form the intricate cooling passages within a blade. Extremely 
accurate wax patterns are then made (with the ceramic core aligned within the wax in a metal die) 
and a ‘tree’ of moulds is constructed. The wax is then coated in a ceramic slurry, using several 
layers, to produce the moulds and then the wax is removed. The metal can then be cast in a 
vacuum into the mould and when cooled the outer ceramic is mechanically broken up whilst the 
inner core is chemically leached out to leave the finished component. 
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2.3 Microstructural Components 
The microstructure of Ni-based superalloys generally takes the form, for gas turbine blades at 
least, of a gamma matrix (γ) with a gamma prime (γ′) precipitation hardening phase[7][8][9] with 
several alloying additions to increase the hardening effect and to achieve the high corrosion and 
oxidation resistance needed for service conditions. The major constituents of a Ni-based 
superalloy are: 
 
• The γ matrix, which consists of a nickel based austenitic phase with an fcc crystal 
structure. This phase contains a significant amount of solid solution elements such as 
Co, Mo and W. 
• The γ′ matrix, based on the Ni3(Al,Ti) structure. The L12 structure of γ′ is fairly close to 
that of the fcc austenitic structure, with additional ordering on specific sites. 
• Carbides such as MC, M23C6 and M6C which form from the combination of C with 
elements such as Cr, Mo, W, Hf and Ta. 
• Topologically close packed (TCP) phases can also form, which are generally thought to 
be disadvantageous to the superalloy’s mechanical properties. They are often 
characterised by plate-like phases, such as σ, μ and Laves phases. In general elements 
such as Fe and Cr promote the formation of σ whilst C, Fe, Ni, Mo, W and Cr promote 
μ[5][6]. 
2.3.1 Gamma, γ 
The matrix of a Ni-based superalloy usually comprises the fcc γ phase. Elements such as Co, Cr, 
W, Mo, Al and Ti are also contained within the matrix and act as solid solution strengthening 
elements. The strengthening behaviour is mainly attributed to their atomic size, which differs 
from that of the Ni atom by up to 13%[10]. The ability of Ni to produce protective scales and its 
very good tolerance towards alloying makes Ni attractive as the base element[5]. Chromium 
additions are known to readily form Cr2O3 rich scales which restrict the diffusion rate of oxygen 
and other aggressive atmospheric elements inwards, thereby slowing corrosion effects. At high 
temperatures Al2O3 rich scales are also known to form which have excellent resistance to 
oxidation. 
2.3.2 Gamma Prime, γ′ 
The γ′ phase can be referred to as an A3B compound where A consists of a relatively low 
electronegative element such as Ni or Co whereas B consists of an electropositive element such 
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as Ti or Al. γ′ can usually be represented by Ni3Al or Ni3Ti, although it is possible to substitute 
other elements for the Ni, Al or Ti, such as Co and Cr, to a limited extent. The γ′ phase is 
introduced within the fcc matrix by means of precipitation hardening heat treatments[10], i.e. a 
heat treatment to ensure the desired γ′ structure is present. 
 
γ′ has an LI2 structure that exhibits long range order, which is very close to the fcc structure of the 
gamma matrix. The resultant lattice mismatch (δ) causes a lattice distortion which results in the 
obstruction of dislocations therefore strengthening the alloy. The matrix/γ′ mismatch has an effect 
upon the shape of the γ′ phase depending upon the magnitude (δ), which may be a positive or 
negative value depending on the addition of alloying elements. At a value of 0-0.2% lattice 
mismatch, γ′ is seen to occur as spheres, around 0.5-1.0% as cubes and >1.25% as plates. It has 
also been found that a variation in Mo content and the Al/Ti ratio can also influence the γ′ 
morphology. The degree of order also increases with temperature which means that superalloys 
which contain high γ′ fractions undergo increases in strength as the temperature rises up to 
800oC[10]. Most intermetallics, like γ′, display this behaviour with an increase in the yield strength 
up to a critical point after which the strength decreases[11]. 
 
The alloy is strengthened by the presence of the γ′ phase, which obstructs dislocation motion at 
the particle/matrix interface. Due to the inherent ductility of the γ′ particles[11], they are also not a 
source of fracture for the superalloy. The precipitation of γ′ in the γ matrix consists of three 
stages; nucleation, growth and coarsening[11]. As the solidus temperature is reached the γ′ forming 
elements begin to dissolve within the matrix but as the temperature decreases the solubility of 
these elements will also begin to fall[11]. The γ′ precipitate nuclei have a high degree of coherence 
in the matrix due to the small lattice mismatch between γ and γ′, moreover the energy required for 
nucleation is low meaning that significant precipitation can occur without the need for large 
undercooling[11]. There are two different forms that the γ′ precipitates generally take within the 
superalloy matrix; one is the coarse form that is quite blocky and is associated with developing 
after the processing stage and the solution heat treatment. The second is a γ′ with a fine 
morphology[11] that is termed primary γ′. This form usually develops as a result of the ageing heat 
treatment[5]. There are several forms that the γ′ particles can take during the different stages of 
growth upon cooling. Spherical particles are the initial form that appear before transformation to 
perfect cubes. The cubes then develop into the so-called “ogdoadically diced” cubes and other 
complex dendritic and star shapes, as seen in Figure 2.4. The star shaped particles arise when 
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growth occurs at the cube corners due to localised stresses. Nucleation of new particles around a 
precipitate is generally furthered when a stress field in the local area is experienced. The 
alignment of cuboidal precipitates in perpendicular directions is thought to be affected by this[11]. 
 
Figure 2.4: Schematic diagram showing evolution of γ′ morphology during continuous cooling, 
reproduced from[11]. 
2.3.3 Carbides 
Carbides can appear in Ni-based superalloys in a number of different forms and stoichiometries. 
The most common of these are: 
• MC; 
• M23C6; 
• M6C; 
• M7C3 (very rare). 
 
The role of carbides in a superalloy with respect to mechanical properties is not straightforward, 
with carbides forming either at the grain boundaries and/or within the grains. Since carbides are 
typically harder than the surrounding matrix, their distribution along the grain boundary affects 
the high-temperature strength, ductility and creep properties. Early investigators noted reduced 
ductility due to certain grain boundary carbide formations and therefore reduced carbon to low 
levels. However, the result was a sharply reduced creep life and ductility[5]. The distribution and 
quantity of the carbides therefore is vitally important to the properties of the superalloy and there 
is an optimum level for each. Without the carbides along the grain boundaries in conventionally 
cast alloys it is possible for voids to coalesce during high temperature deformation and excessive 
grain boundary sliding is the result[10]. However, if continuous carbides are formed they will 
provide fracture paths lowering impact strength. Consequently, discontinuous chains of carbides 
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are desirable along grain boundaries as these will hinder grain boundary cracking without 
restricting the ductility to a large extent. 
2.3.3.1 MC 
MC carbides are monocarbides with the M standing for metallic elements such as Ti, Ta, Nb, Hf 
or W. They are very stable and strong with an fcc structure. They form upon freezing of the alloy, 
just below the temperature where solidification begins and therefore they can often precipitate 
directly from the liquid. They arise as discrete particles with a coarse cubic or a script-like 
morphology and are distributed heterogeneously throughout the alloy in both intergranular and 
transgranular positions. MC carbides are a major source of carbon for the alloy during heat 
treatments and service[5] due to the fact that they can decompose slowly at high temperatures 
releasing carbon. The preferred order of formation in superalloys, in decreasing stability, is HfC, 
TaC, NbC and TiC, although thermodynamics dictates the order for MC carbides to be HfC, TiC, 
TaC, NbC. The reason for the change is that although it is evident that the M atoms can substitute 
for each other it is also true that less reactive elements, such as Mo and W, can also substitute into 
the carbides. It has been put forward that the reason for the change in stability order is due to 
molybdenum or tungsten substitution which weakens the binding forces in MC carbides allowing 
a degeneration[5]. 
 
MC + γ → M23C6 + γ′ 
or 
(Ti, Mo, Ta, Hf, W)C + (Ni, Cr, Al, Ti) → Cr21Mo2C6 + Ni3(Al, Ti) 
  
This degradation normally leads to the formation of M23C6 and M6C carbides after heat 
treatments or service. It is possible to counteract this degeneration by adding niobium and 
tantalum to the alloy which results in MC carbides that do not break down as easily. MC carbides 
are usually decomposed by the reactions shown. 
 
M6C + M′ → M23C6 + M′′ 
2.3.3.2 M23C6 
In M23C6 carbides, the M is usually chromium and therefore these carbides are abundant in high 
chromium content alloys. They form at lower temperatures than MC carbides, with the typical 
stability range being 760-980oC. They can form either from the decomposition of the MC 
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carbides, as discussed in section 2.3.3.1, or from soluble carbon within the matrix and they 
generally occur at grain boundaries, twin lines, stacking faults and at twin ends. M23C6 carbides 
have a complex cubic structure which, if the carbon atoms were removed, would resemble the 
structure of the topologically close packed phase, σ. The coherency between these two phases is 
therefore very high, so high in fact that it is often found that σ plates nucleate on M23C6 particles. 
If W or Mo are present the approximate composition is Cr21(W, Mo)2C6[5] however, other 
refractory elements can substitute for the W and Mo. The M23C6 particles have a large effect 
upon the mechanical properties of the alloy because of their critical location at grain boundaries. 
Therefore, they can promote beneficial effects on rupture strength by acting as a barrier to grain 
boundary sliding, although they can also offer a fracture path when rupture does eventually 
occur. 
2.3.3.3 M6C 
M6C carbides have a complex structure and form at higher temperatures than the M23C6 carbides, 
typically in the range 815-980oC. They are quite similar to the M23C6 but are formed when the Mo 
and/or W is at high levels (more than 6-8 wt.%[5][11]). The composition of M6C can vary 
substantially depending upon the alloy matrix content. 
2.3.4 Topologically Close Packed Phases (TCP) 
The topologically close-packed (TCP) phases are intermetallic compounds and are generally 
thought of as undesirable phases that evolve within the microstructure when the composition has 
not been adequately controlled. They typically form in service after long times at elevated 
temperatures and there are three main phases; σ, Laves and μ, although σ and μ are the two most 
commonly encountered phases. Sigma (σ) is an Fe-Cr based compound but is most often found as 
(Cr, Mo)x(Ni, Co)y, where x and y can vary from 1 to 7.  This phase can be very detrimental to 
the properties of the alloy due to its high hardness and plate/needle like morphology which makes 
it an exceptional source for crack initiation and propagation. However, the worst effect is the fact 
that σ incorporates the refractory elements from the matrix which cause a reduction in the solid 
solution strengthening which in turn leads to an inferior rupture strength[5]. The μ phase has a 
structure similar to that of M6C with the general formula of the μ phase being (Co, Fe, Ni)7(Mo, 
W, Cr)6[6]. As with the σ phase μ can have a detrimental effect upon mechanical properties due to 
its tendency to form embrittling intergranular precipitates. 
Literature Review                                                               Chapter 2                     
14 
 
2.4 Strengthening Mechanisms 
2.4.1 Solid Solution Strengthening 
A solid solution is defined as a homogenous mixture of two or more elements where the solute 
atoms are present as either substitutional or interstitial sites in the matrix. The process by which 
the hardening works is complex but essentially the solute atoms work to affect the local modulus 
in a grain[11], affect the local atom arrangements, limit diffusion of atoms and change the stacking 
fault energy of the matrix. All of these factors come together to impede dislocation movement 
through the structure, therefore strengthening the alloy. The common solid solution elements 
found in the γ phase are Fe, Cr, Mo, W, Ti and Al where these alloys differ in atomic diameter 
from 1-13%.  
2.4.2 Precipitation Strengthening 
Precipitation hardening in a Ni-based superalloy effectively means γ′ precipitation because other 
phases such as borides and carbides provide little strengthening at low temperatures. In some 
alloys it is possible to gain precipitation strengthening from the γ′′ phase; this is usually in high 
Nb alloys. The hardening effect from precipitation hardening is much greater than that achieved 
through solid solution strengthening. Controlled solution and ageing heat treatments are required 
in order to ensure that the distribution of the γ′ is optimised to offer the best properties. 
Deformation within the grains involves the generation and movement of dislocations and 
therefore anything that can impede this movement will strengthen the alloy. In order for a 
dislocation to travel past a precipitate (i.e. γ′) on a slip plane it must either cut through it or by-
pass it via climb or looping. The mode in which the dislocation by-passes the precipitate depends 
upon the interparticle spacing and the optimum strength of the alloy is obtained when the particle 
spacing is just small enough to prevent the dislocation from bowing.  
 
Three types of stacking fault exist in the LI2 structure; superlattice faults, antiphase boundary 
faults and complex faults. The precipitation hardening phase of γ′ is present in high proportions 
within the alloy and therefore a number of faults are present, which will have a profound effect 
on the deformation characteristics. It has been shown that the critical resolved shear stress 
(CRSS) is very dependent upon the fault energy of γ′. The main factors that account for the 
hardening of austenitic superalloys via coherent particles are coherency strains and the presence 
of order in the particles[11]. The strengthening of the alloy by γ′ can be attributed to a range of 
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compositional and microstructural factors, the two main ones being the particle size and the 
volume fraction of the γ′. 
2.4.2.1 Particle Size 
The size of the γ′ phase within an alloy is strongly dependent upon the heat treatments that the 
alloy undergoes. Generally the strength increases as the γ′ particle size increases at a constant 
volume fraction (Vf) of γ′. Before the age-hardening peak is reached during precipitation, the 
strengthening mechanism is that of dislocations cutting precipitates, however, after the age 
hardening peak is reached, the mechanism changes to dislocations bypassing the precipitates, and 
the strength then decreases with an increase in particle size. 
2.4.2.2 Volume Fraction 
As the volume fraction of γ′ increases, the strength will also increase, although this is also 
dependent upon the nature of the γ′ precipitates. In cast alloys the γ′ precipitates are exceptionally 
variable due to the effects of cooling rates, segregation and also the potential formation of γ-γ′ 
eutectic comprising coarse γ′. In order to combat the variable size of γ′ precipitates formed, the 
alloys are subsequently heat treated in order to modify the structure to give superior properties. 
Within cast alloys 0.5 is a normal Vf for the γ′ phase. Therefore, to achieve the greatest 
precipitation hardening effects from the γ′ phase it is necessary to solution heat treat the alloys 
above the γ′ solvus temperature, followed by additional heat treatments at lower temperatures in 
order to optimise the γ′ distribution and possibly promote other phases such as carbides. 
2.4.2.3 Effect Of Alloying Elements 
The alloying elements present in an alloy can have a significant influence upon the γ′ volume 
fraction. Titanium and aluminium have a very large effect, with niobium to a lesser extent. 
Chromium, molybdenum and tungsten also exert a more moderate effect upon the γ′ formation 
and therefore volume fraction[6]. It is important to carefully control the elements added as in 
certain circumstances it is possible for elements such as Cr, Co, Mo, W and Re, to form 
undesirable TCP phases which cause a loss in properties, as previously discussed. 
2.4.2.4 Precipitate Coarsening 
When the γ′ has attained its equilibrium volume fraction, the particles will be of varying sizes 
within the matrix. Growth of the particles will still continue, however, in the form of competitive 
coarsening. This means that the larger precipitates will grow at the expense of the smaller ones 
with the driving force being that of reduction of the interfacial energy. The coherency stresses 
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between the γ and γ′ phases, which acts as the driving force for the γ′ coarsening[7] will change 
depending upon the amount of coarsening that has taken place. Different alloying elements can 
change the lattice parameters of both γ and γ′ therefore modifying the lattice mismatch between 
the two. In this way it is thereby possible for alloying elements to affect the coherency stresses 
experienced and consequently influence the coarsening behaviour. Rhenium is an element that is 
now commonly added to alloys which has been said to have a large effect upon the coarsening 
behaviour due to the fact that it reduces diffusion rates in the matrix phase which helps to slow 
the coarsening[7]. 
2.4.3 Grain Size 
As with any alloy, grain size will have an effect upon the mechanical properties of a superalloy. 
In castings the grain size will differ depending upon the casting process. The grain size of a cast 
alloy after heat treatment is generally quite large (sometimes several millimetres). There are ways 
to enhance the properties of the alloy via control of the grain structure by using different casting 
methods. Directional solidification for instance produces columnar grain structures that can 
significantly improve the creep strength of a component. Single crystal alloys can also increase 
the strength of a component by removing the grain boundaries to enhance the creep resistance of 
an alloy. 
2.5 IN738 
2.5.1 Chemical Composition 
Cast Ni-based alloys have a high γ′ fraction, therefore the amount of alloying elements that can 
preferentially partition to the γ matrix is limited. Chromium is one such element, and a reduction 
in Cr content will result in an increase in the alloy’s strength, but a reduction in the alloy’s 
oxidation resistance. A higher Al content can be used to counteract this but Cr is also a major 
source of hot corrosion resistance. Therefore coatings are generally employed to increase the 
oxidation resistance of the alloy. Alloy 738 was therefore designed to overcome this problem by 
having a higher chromium content at the cost of a lower γ′ volume fraction. Table 2.1 details the 
typical chemical composition for IN738 (wt %). 
C Si Cr Co Mo W Ti Al Zr Ta Nb B Fe Cu S Ni 
0.14 - 15.5 8 1.5 2.3 3.25 3.25 0.05 1.5 0.60 0.005 - - - Bal
Table 2.1: Composition of the Ni-based superalloy IN738, wt%. 
Literature Review                                                               Chapter 2                     
17 
 
2.5.2 Microstructure 
IN738 is a classic precipitation hardened superalloy with standard alloying elements. The 
microstructure comprises: 
• Ni rich austenite matrix; 
• γ′ particles – blocky particles and fine precipitates; 
• MC distributed throughout the alloy; 
• M23C6 carbides at grain boundaries; 
• An absence of TCP phases. 
2.5.3 Heat Treatments 
In order to strengthen the γ′ hardened superalloys it is usually necessary for a solution treatment 
and subsequent ageing to take place. The solution temperature can vary from 1000-1230oC with 
the aim of dissolving the γ′ phase and any other precipitates (carbides, such as M23C6, can be 
dissolved) however the MC normally remains to some extent. Ageing is then carried out (in order 
to precipitate γ′ and strengthen the alloy) within the temperature range 760-1100oC and comprises 
multiple stages. A common solution temperature for IN738 is 1120oC but this is known not to 
fully solution the γ′ in the alloy. Therefore, as well as the hyperfine γ′ formed by ageing, larger 
irregular particles of γ′ also exist in the matrix. 
2.6 Oxidation 
Due to the high temperatures that superalloys operate at, it is necessary that they have sufficient 
resistance to degradation at high temperatures[5]. Therefore, they must encompass good oxidation 
and corrosion resistance at elevated temperatures in order to provide a satisfactory component 
life. The temperatures and atmospheres of operation can vary significantly and therefore correct 
design of the alloy is essential. The oxidation and hot corrosion resistance can be tailored by 
altering several parameters, including coating composition, rare earth elements, altering the 
coating process parameters and many more. In most modern situations for industrial gas turbines, 
Ni-based superalloys are coated with a bond coat and a thermal barrier coating to enhance both 
the oxidation and temperature resistance of the blades[8][12][13]. 
 
In oxygen containing environments it is common for metals to form an oxide scale, particularly at 
high temperatures[14]. Hot corrosion is another form of environmental degradation where 
exposure to contaminants from fuel/air mixtures can lead to the formation of products other than 
oxides such as carbides and sulphides[14]. Some classes of metals will obviously be more resistant 
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to oxidation and hot corrosion than others and the rate and the mechanism of an oxidation 
reaction will be influenced by many factors including, but not limited to, temperature, 
composition, pressure and surface preparation[15]. Although many metals will readily form 
oxides, the oxide must be chemically and mechanically stable if it is to provide any protection to 
the substrate. In order to provide protection this layer must be able to restrict reactive gases from 
diffusing through to the substrate material and vice versa[14]. The limitation of high temperature 
protective coatings will be when breakdown of this diffusion barrier is reached. 
2.6.1 Principles of Oxidation 
The definition of oxidation can be said to be when a surface combines with oxygen. However, a 
more general definition would be that oxidation is said to occur whenever there is an increase in 
the valency state of the element concerned, usually a metal[16]. An oxidation reaction begins with 
the adsorption of oxygen molecules from the atmosphere, then nucleation of oxides, and the 
formation of a thin oxide layer, followed by its growth to a thicker scale[17]. Once the oxide layer 
has formed initially the metal must pass through the scale to the scale/gas interface or the gas 
(oxygen) must pass through the scale to the metal/scale interface in order to continue to react. It 
can therefore be seen that the transport mechanisms of both oxygen and metal throughout the 
scale are very important to predict scale growth. In a perfect scenario the transport mechanism 
would not be present and a miniscule scale would form, oxidation would then cease once a 
complete scale had formed. 
2.6.2 Ellingham Diagrams 
It is possible using the study of thermodynamics, and in particular Ellingham diagrams, to predict 
whether spontaneous oxidation will occur. An Ellingham diagram is a chart that displays the 
standard free energy of formation versus temperature for certain compounds allowing the relative 
stability of each compound to be compared (Figure 2.5).  
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Figure 2.5: Standard free energy of formation of selected oxides as a function of temperature, reproduced 
from[15]. 
 
The y-axis shows the θGΔ (standard free energy of formation) therefore the lower the line is on 
the chart, the more stable the oxide is. 
 
For a given reaction between a metal and a gas: 
 
M + O2 ↔ MO2 
 
where M is a metal. Thermodynamically an oxide will form upon the surface of a metal when the 
oxygen potential in the environment is greater than the oxygen partial pressure in equilibrium 
with the oxide. This partial pressure at which the metal and oxide coexist is also in effect the 
dissociation pressure of the oxide, 
eqMO
MPo ⎟⎠
⎞⎜⎝
⎛
2
2 , and is determined from the standard free 
energy of formation of the oxide. This is given by: 
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where ΔGo is the standard free energy of formation (kJ mol-1 O2), T is temperature and R is the 
universal gas constant. However, for alloy oxidation the activity of the metal and the oxide must 
be taken into account. The metal/oxide activity is a measure of their reactivity with oxygen. In the 
reaction with an oxygen source the metal is oxidised to produce a metal oxide. Every element will 
have a different activity therefore meaning each element will have a different driving force to 
oxidise. Therefore; 
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Po2 is partial pressure of oxygen, thus if metal is exposed to O2 (with partial pressure of O2 being 
Po2*) spontaneous oxidation will occur if, 
 
eqMO
MPoPo ⎟⎠
⎞⎜⎝
⎛>
2
22*  
 
where Po2 is the partial pressure of oxygen, M is the metal, MO2 is the metal oxide, A is the 
activity, R is the gas constant, T is the temperature, and GΔ  is the activation energy (kJ mol-1O2) 
2.6.3 Initial Oxidation 
Assuming a metal with an extremely clean surface the initial oxidation can be split into stages, 
the first of which is oxygen adsorption. Using kinetic gas theory it can be shown that a monolayer 
of adsorbed gas will be formed in ~1.5 s at 10-9 atm at room temperature[14]. There are two main 
types of adsorption; chemisorption and physical adsorption (physisorption). In physisorption 
gases are bound to the surface via weak van der Waals forces whereas in chemisorption the 
molecules are bonded by a much stronger chemical bond. Physisorption tends to take place at 
relatively high pressures and low temperatures, as a precursor to chemisorption[18], whereas 
chemisorption takes place at much higher temperatures making it more important for oxidation 
processes. Nucleation and growth follows the adsorption phase where oxide nuclei are formed on 
the surface before growing to form a continuous layer[14][18] at which time the oxide layer may 
continue to grow depending upon the transport mechanisms at work (see below). 
2.6.4 Transport Mechanisms 
The transport mechanisms of metal and oxygen ions should be considered for the transport 
mechanisms in oxidation. This is due to the fact that metals and metal oxides are generally ionic 
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in nature, therefore making it meaningless to consider the transport of metal and oxygen atoms. 
There are several mechanisms that can explain the transport of ions through ionic solids and these 
can be divided into two main areas; mechanisms for stoichiometric compounds and non-
stoichiometric compounds. 
2.6.4.1 Stoichiometric Compounds 
There are two main defects within stoichiometric compounds that allow ion transport, the first of 
which are Shottky defects. This is where there are ionic vacancies within the compound and it is 
assumed that in order to maintain electroneutrality throughout the compound there must be an 
equal number of vacancies within the cationic and anionic sub-lattices. Therefore, since there are 
vacancies on both sub-lattices it is possible for anions and cations to be mobile[15]. The second 
type of defect are Frenkel defects, where only the cation is mobile and the anionic sub-lattice is 
perfect. In order to preserve the electroneutrality, the cations form at interstitial sites consequently 
leaving vacancies in the cationic sub-lattice[15]. 
 
However, oxide growth requires electron transport and these two type of mechanisms for the 
transport of ions through a material do not cater for this. Figure 2.6 shows that either neutral 
atoms or ions and electrons must migrate in order for a reaction to precede. 
 
 
Figure 2.6: Interfacial reactions and transport processes for high temperature oxidation mechanisms (a) 
cation mobile and (b) anion mobile, reproduced from[15]. 
 
It can be seen that the two types of transport mechanism produce different oxide growth effects 
with cation migration causing oxide growth at the oxide/gas interface, and anion migration 
causing oxide growth at the metal/oxide interface. It must then be assumed that oxides are non-
stoichiometric compounds in order to explain this concurrent migration of ions and electrons.  
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2.6.4.2 Non-Stoichiometric Compounds 
A non-stoichiometric compound is electrically neutral even though it does not have a metal to 
non-metal atom ratio that is exactly that given by the chemical formula. This is assumed to be due 
to the fact that the cations or anions have a variable valency; it is more likely that the cation 
(usually the metal) will show the variable valency. A non-stoichiometric compound is considered 
to be a semiconductor which allows the transport of electrons through the structure. They can 
show either negative or positive behaviour, meaning that electrons can be carried by either 
positive or negative carriers. Both negative (n-type) and positive (p-type) semiconductors transfer 
electrons by negative or positive carriers by means of having an excess of metal or a deficit of a 
non metal in the n-type and a deficit of metal or an excess of a non metal in the p-type. 
 
Metal Excess; 
It is assumed that for there to be a metal excess in the structure, there are a number of cations at 
interstitial sites. Therefore, in order to maintain an overall neutral charge there must also be an 
equivalent number of electrons within the conduction band. The best known example of an n-type 
semiconductor with metal excess is zinc oxide (ZnO) [15]. 
 
Non-metal deficit; 
On the other hand, n-type behaviour can be caused by a non-metal deficit which is achieved in a 
different way than that of a metal deficit. The best way of explaining a non metal deficit is to 
envisage an oxygen ion being discharged from the compound and then evaporating. This 
therefore leaves a vacancy in the anion lattice and electrons enter the conduction band[15]. 
 
Metal deficit; 
Electron transport can also arise when there is a positive carrier in the compound; compounds 
which exhibit this behaviour are known as p-type semiconductors. As with n-type semiconductors 
there are two ways in which electron transport can occur. For metal deficit to occur it is essential 
that the metals can exist on a number of different valence states. Transition elements such as iron 
and nickel are able to do this. In terms of energy of ionisation, the closer together the valence 
states are, the easier it is to form a cation vacancy. For example if a metal, M, can have a valence 
state of either M2+ or M3+ then if an electron transfers from the M3+ to the M2+ a reversing charge 
on the two cations takes place, leaving an electron hole at the M3+ site. This means that if an 
oxide, MO, is being formed, oxygen will be chemisorbed on the surface by attracting an electron 
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from a M2+ site forming a M3+ or a hole. A hole is then left in the cation lattice once the oxygen is 
fully ionised and then forms a unit of MO on the surface of the oxide.  
 
Non-metal excess; 
This is where the concentration of electron defects is far higher than that of the ionic defects and 
therefore in order to gain electroneutrality the electrons are excited into the conducting band 
leaving behind an electron hole. These compounds are also termed intrinsic semiconductors and 
very few metals oxidise via this method[15].  
2.6.5 Crystal Structures of Oxides 
In general the crystal structures of metals can be found to fit into one of three structures; body 
centred cubic (bcc), face centred cubic (fcc) or hexagonal close packed (hcp). However oxide 
ceramics consist of a lattice of oxygen atoms arranged in either HCP or FCC structures with the 
metal ions occupying interstitial sites. In a close packed crystal structure there are two types of 
interstitial sites; tetrahedral sites, where the site is surrounded by four oxygen atoms, and 
ochtahedral sites; where the site is surrounded by six oxygen atoms. 
2.6.5.1 Corundum structure 
Both α-alumina and chromia have the corundum structure. It is a hexagonal close packed 
structure of oxygen ions with the metal ions occupying two thirds of the octahedral sites. This 
means the metal ions are surrounded by 6 oxygen atoms and the oxygen atoms are surrounded by 
4 metal ions. The location of the octahedral sites between the two layers of oxygen ions can be 
seen in figure 2.7 (only one oxygen layer is drawn) [19]. The next cation layer has the same 
arrangement as this but is shifted by one atomic spacing by the vector marked 1. The third cation 
layer is shifted by the vector marked 2. The dashed line in figure 2.8 [19] illustrates a section of 
this crystal. This is the structure of both α-Al2O3 and Cr2O3 and also of haematite, Ti2O3, V2O3 
and many other oxides with the formula M2O3. The corundum structure is so called as it is the 
crystal structure of the mineral corundum and is a member of the trigonal crystal system. 
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Figure 2.7: The corundum structure. Reproduced from Chiang[19]. 
 
Figure 2.8: The corundum structure. Reproduced from Chiang[19]. 
2.6.5.2 Spinel structure 
A spinel structure is described as an oxygen lattice of an FCC type with the metal ions occupying 
both tetrahedral and octahedral sites. The unit cell consists of 32 oxygen atoms with 32 
octahedral and 64 tetrahedral sites. The divalent metal ions usually occupy only one eighth of the 
tetrahedral sites with the octahedral sites being occupied by the trivalent metal ions. This is a so 
called normal spinel. It is also possible for spinel structures to have many other arrangements of 
cation vacancies. Usually the formula is MN2O4 where M is divalent and N is trivalent however, 
it is possible for any combination of valancies as long as the sum of cation vacancies is equal to 
eight. Spinel belongs to the cubic system of crystal structures. 
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2.6.6 Oxidation Rate 
2.6.6.1 Linear Rate Law 
The oxidation of a metal is said to obey a linear oxidation rate law if it precedes a constant rate. If 
it does it obeys the following formula: 
 
x = k1t 
 
where x, k1 and t represent the scale thickness, linear rate constant and the time respectively. If 
the scale thickness is measured as a function of time then the units for the linear rate constant 
become cm s-1; if the mass gain of the sample is measured then the units for the linear rate 
constant become g cm-2 s-1. 
2.6.6.2 Logarithmic Law 
Metals oxidised below 400oC can show very fast initial oxidation followed by a slower oxidation 
rate (Figure 2.9). This behaviour conforms to logarithmic rate laws: 
 
x =klog log(t +t0) + A  (direct log law) 
1/x = B – killog t    (inverse log law) 
 
Figure 2.9: Schematic representation of the logarithmic law. 
 
Where A, B, to, klog and kil are constants at constant temperature. 
2.6.6.3 Parabolic Rate Law 
Scale growth that proceeds with a decreasing oxidation rate with time is said to follow a parabolic 
rate law. The rate at which oxidation occurs will be inversely proportional to the oxide thickness 
(see Figure 2.10). The oxidation rate follows the equation: 
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x2 = 2kpt + C 
where k is the parabolic rate constant and x and t represent the oxide thickness and time 
respectively. A parabolic growth rate is limited by the diffusion rate of ions or electrons through 
the formed oxide scale and was first derived by Wagner (1993). 
 
 
Figure 2.10: Schematic showing the parabolic rate law. Reproduced from Khanna[17]. 
2.6.6.4 Breakaway Oxidation 
For alloy systems in which the formation of a protective layer of oxide to increase their oxidation 
resistance is important breakaway oxidation is an important mechanism. Breakaway oxidation is 
where the protective oxide can no longer be maintained (due to cracking/rumpling/depletion of 
the elements to form the oxide). The scale will then continue to grow oxidising further elements 
in base alloy forming non-protective oxides. Growth will occur at a near linear rate (Figure 2.11). 
This type of oxidation is termed breakaway oxidation. 
 
Figure 2.11: Schematic diagram of the occurrence of breakaway oxidation. Reproduced from Sedriks[20]. 
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2.6.7 Oxidation of Alloys 
The oxidation of alloys is much more complex than that of pure metals because of the fact that 
the constituent elements will have different affinities for oxygen, and the oxides will probably 
differ in diffusion rates and other tertiary oxides may form[15]. Alloys that are designed for heat 
and oxidation resistance, i.e. Ni-based superalloys and MCrAlY coatings, generally rely upon the 
formation of a protective Cr2O3 and Al2O3 scales for oxidation resistance[21]. In general Cr2O3 is 
protective up to temperatures of approximately 850oC[7][11][22][23] whereas at higher temperatures 
Al2O3 is more effective. However, high temperatures are needed in order to ensure that a 
sufficient thickness of Al2O3 occurs in a reasonable time. The ability of an alloy to resist 
oxidation and corrosion is limited by the chromium and/or aluminium concentration at the 
surface. Levels of aluminium/chromium that are too high are detrimental to mechanical properties 
but they are needed in sufficient quantities to enable the growth of the oxide scale. This is 
because aluminium and chromium are constantly removed by the environment and therefore it is 
necessary to have a reservoir of these elements to enable the oxide scale growth[21][24][25][26]. 
 
Al2O3 is thermodynamically a very stable oxide and in binary Ni-Al alloys a value of 
approximately 17 wt% Al is needed to form an Al2O3 protective scale. Nickel base alloys that 
contain both chromium (~10 wt.%) and aluminium benefit from a synergistic effect that allows 
Al2O3 to form at low levels of aluminium (~5 wt%). This means that a lower level of aluminium 
can be used whilst the alloy is still able to form a protective Al2O3 scale[11][27][28]. 
 
Figure 2.12: The lateral growth strain accompanying the formation of a thermally grown oxide, 
reproduced from[29]. 
Failure of the protective scale can occur in a number of ways. The most common of these is that 
the scale grows excessively, therefore depleting the reservoir of either Cr or Al in the alloy at the 
alloy/scale interface. At the onset of initial oxidation there are other rapidly forming, non-
protective oxides that can form (Cr2O3, NiO, NiCr2O4 and NiAl2O4[30]) which can promote the 
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spalling of the TBC via induced stresses[31]. This, coupled with mechanical disruption of the 
layer, can lead to the uncovering of the substrate which does not have enough Al/Cr to form a 
protective oxide. The result of which is breakaway oxidation. Another way failure can occur is 
that the oxide scale and the metal have differing thermal expansion coefficients meaning that 
upon heating and cooling stresses can occur[32][33], which can therefore lead to failure. Stresses 
due to scale growth can also affect the adhesion of the scale[29] because the growth of the oxide 
can lead to a compressive stress in the oxide which must be balanced by a tensile stress in the 
alloy (see Figure 2.12). 
 
These oxide scales are also prone to spalling, mainly during cooling, however, several papers 
have noted that the addition of reactive elements such as yttrium can result in an improved 
adhesion of the scales; this is discussed in further in Section 2.7.5.2. Figure 2.13 shows a spalled 
thermal barrier coating from a combustion zone tile removed from service. 
 
 
Figure 2.13: Image of a spalled coating on a combustion zone tile. 
2.7 Coatings 
Coatings are employed in order to provide protection against both oxidation and corrosion in 
addition to improving mechanical resistance by limiting diffusion of harmful species into the 
substrate. The main benefits of using a coating are[11]: 
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• They can be tailored to the hostile working environment (overlay coatings); 
• Development of base alloys for strength is not inhibited because of the protection 
provided by the coating; 
• Refurbishment of blades is possible without causing significant degradation to the base 
metal. 
 
Generally superalloys employ a coating which protects by the formation of an adherent oxide 
scale based on Al or Cr, as previously discussed. The coating is therefore rich in these elements in 
order that there is sufficient Al/Cr left to form new scale because thermal cycling and mechanical 
damage can cause spallation. There are many different types of coatings with the most relevant 
for superalloys being diffusion coatings and overlay coatings. Diffusion coatings are applied 
commonly via pack cementation or vapour deposition and work by developing a layer (usually 
aluminide) on the substrate which is developed by a reaction between aluminium and the 
substrate metal. Overlay coatings are most commonly applied via thermal spraying (TS) or 
electron beam physical vapour deposition (EBPVD) and do not require diffusion; these coatings 
are generally referred to as MCrAlY coatings where M can be Ni, Co, Fe or combinations 
thereof. A thermal barrier coating may be applied on top of the diffusion or overlay coating for 
high temperature resistance. 
2.7.1 Diffusion Coatings 
Diffusion coatings rely upon a reaction with the substrate surface to provide the protection that 
the alloy needs. There are two main processes used to produce diffusion coatings; pack 
cementation (PC) and chemical vapour deposition (CVD). In PC, a type of vapour deposition, the 
reactants known as the ‘pack’ and typically an aluminium powder with chemical activators and 
fillers are heated in an inert atmosphere where the pack forms a vapour that reacts with the 
surface enriching it with aluminium. This process may produce different coatings on different 
substrates due to the compositional complexity of the superalloys. 
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Figure 2.14: Diagram of a Diffusion Coating, after[34]. 
 
In CVD, again a vapour deposition process, a vapour of predetermined composition is introduced 
to a coating chamber where it reacts with the surface, thereby enriching it with aluminium. This 
means that the compositional variances seen in PC are not present and the vapour can be pumped 
through internal cooling passages providing a fairly uniform coating. Figure 2.14 shows a 
schematic diagram of a diffusion type coating. 
2.7.2 Overlay Coatings 
Overlay coatings differ from diffusion coatings in that interdiffusion is only required for bonding 
and therefore utilises a pre-alloyed material which is applied to the substrate. Overlay coatings 
are typified by the MCrAlY series which are commonly used on aero engine parts. An yttria 
stabilised zirconia top coat which comprises the thermal barrier coating is also an overlay coating 
and can be applied on top of the MCrAlY coating by the same methods. 
 
Two common methods of applying an overlay coating to a substrate are electron beam physical 
vapour deposition (EBPVD) and plasma spraying (PS) which are described in more detail in 
Sections 2.7.2.1 and 2.7.2.2. Figure 2.15 shows a diagram of an overlay coating. 
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Figure 2.15: Diagram of an Overlay Coating, after[34]. 
2.7.2.1 Electron Beam Physical Vapour Deposition 
The surface preparation needs to be excellent in order to give sufficient adhesion and therefore 
cleaning by way of ion bombardment, using argon, is usual. An ingot of the appropriate 
composition is then vaporised in a vacuum by thermal evaporation. An electron beam is used for 
this purpose because it avoids any reaction between the molten source and a crucible and several 
crucibles can be used in order to form alloy coatings. The parts being coated are manipulated to 
face the coating source and the metal vapour then condenses upon the preheated substrate surface. 
Subsequent heat treatments are then used in order to achieve good quality bonding. Figure 2.16 
shows a diagram of the EBPVD process. The composition of the deposited layer can vary due to 
changes in vapour pressure, and due to the nature of the process, the structure of the as-deposited 
coatings is generally perpendicular to the substrate surface, as shown in Figure 2.17. 
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Figure 2.16: Diagram of Electron Beam Physical Vapour Deposition Process, reproduced from[35]. 
 
 
Figure 2.17: Structure of an as deposited Electron Physical Vapour Deposition Coating. 
2.7.2.2 Plasma Spraying 
The plasma spray process involves the spraying of the coating in heated particulate form onto a 
substrate. A gun uses a high current arc and a gas to create a high temperature plasma jet. The 
powdered coating is injected into this plasma jet which melts it and projects it at high velocity 
towards the substrate where it solidifies on contact. Plasma spraying can take place both in air or 
in a vacuum and its high temperature means that almost all materials can be sprayed. It produces 
a deposit with a high density and low porosity which is strongly bonded to the substrate. The 
advantage of spraying in a vacuum is that molten splat particles do not oxidise, however the 
trade-off is that there is a high heat input into the workpiece. Figure 2.18 shows a diagram of the 
Substrate 
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plasma spraying process. The molten metal ‘splats’ against the surface giving a different coating 
structure to that of EBPVD, as illustrated in Figure 2.19. 
 
Figure 2.18: Diagram of the Low Pressure Plasma Spray process, which usually takes place in a vacuum 
chamber, reproduced from[35]. 
 
                          
Figure 2.19: Structure of an as deposited Plasma Sprayed Coating. 
2.7.3 Processing Parameters 
The process parameters of the thermal spraying process can have a huge effect upon the oxidation 
behaviour and therefore service lifetime of the bond coat. There are several different areas 
involved with the spraying that can affect the performance of a bond coat. 
 
First of all, the method of spraying can have a significant effect upon the performance of the 
coating. Different spray techniques require different surface preparations and can have a different 
end result on the coatings concerned. An overlay coating for instance generally requires a rough 
surface finish in order to improve the mechanical keying of coating to the substrate. With the 
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bond coat this is sometimes achieved by spraying a ‘key coat’ on top of the bond coat. The key 
coat is generally of the same composition to the bond coat but may have a larger particle size or 
different surface treatments in order to increase the surface roughness. A diffusion coating 
however requires the surface preparation to be excellent in order to give sufficient adhesion. In 
the case of overlay coatings, the form the powder is in can have an effect upon the final coating. 
When comparing an as received powder to one that has then been cryomilled it was noted that the 
cryomilled powder showed generally better thermal cycle lifetimes [36]. Cryomilling is a variation 
of mechanical milling in which metallic powders are milled in a cryogen (generally liquid 
nitrogen) in order to obtain a nanocrystalline grain size in the bond coat alloy [36]. Cryomilling 
takes advantage of both the cryogenic temperatures and conventional mechanical milling because 
the low milling temperatures suppresses recovery and recrystallisation leading to finer grain 
structures and more rapid grain refinement. Cryomilling is also an effective way of producing 
nanostructured metallic powders in commercial quantities with the agglomerate characteristics 
that allow for thermal spray of coatings[36]. It was also noted that the powder used combined with 
different spray processes also had an effect, with cryomilled powders sprayed by LPPS showing 
longer lifetimes than those sprayed using a high velocity oxy-fuel (HVOF) technique[36]. 
 
The adhesion of the TBC to the bond coat, and bond coat to the substrate, is critical, and therefore 
surface treatments are often used to try and improve the adhesion. Grit blasting is a frequently 
utilised technique for either surface cleaning or roughening. Grit blasting with coarse particles 
has been found to produce a less contaminated surface leading to higher adhesion to the substrate 
[37]. However, coarse particles may also generate a high interface ‘pollution’, such as voids, 
embedded particles, which could impede coating/substrate inter-diffusion and lead to poor 
adhesion. 
 
The surface of the bond coat/TBC interface also has implications for the oxidation behaviour of 
the bond coat. Generally an alumina layer is formed regardless of the surface roughness, however 
other forms of oxide can be prevalent alongside the alumina, be it as precipitates or other oxide 
layers. A difference between as sprayed and polished surface coatings was noted by N. Czech[38] 
on a NiCoCrAlYRe coating. The polished surface coatings formed alumina with YAlO3 present 
within the alumina. However, the as sprayed coatings showed Al2O3, Cr2O3 and spinels of 
NiCr2O4 and CoCr2O4 in small amounts, with the spinel phases having formed initially and the 
alumina forming below. In the case of the polished surface YAlO3 and Y were found within small 
white spots in the alumina scale. In the case of the as sprayed surface no YAlO3 was present. 
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However, Cr and Re were detected within the alumina. The starting bond coat microstructure 
examined contained an α-Cr phase within which Re is situated[38]. The Re and Cr that were 
detected in the Cr2O3 scale, are suggested to be the intermetallic α(Cr, Re) phase remaining from 
the bond coat. This implies that the α(Cr, Re) phase precipitations accumulate at the coating 
surface from early stages of temperature exposure[38]. 
 
The surface roughness can have an effect on the oxidation behaviour of a bond coat in many 
ways. One effect in particular that has been noted is the preferential formation of yttrium rich 
precipitates at the concave regions of the thermally grown oxide (TGO) [39][40]. Toscano et al 
examined the differences between a ground surface finish and an as sprayed finish and discovered 
that in the as sprayed finish ytrria precipitates formed preferentially at concave regions of the 
TGO. There was also a corresponding increase in the oxide thickness noted at these regions 
which they related to the incorporation of the precipitates into the TGO[40]. Gil et al[39] also noted 
this effect of the preferential formation of ytrria precipitates at the concave regions of TGO. A 
correspondence with temperature was also observed whereby as the temperature increases so does 
the amount of precipitates. A mechanism was put forward to explain this favoured precipitate 
formation whereby it was suggested that the yttria is preferentially oxidised at the surface during 
the early stages of oxidation due to its higher affinity for oxygen. The yttria is rapidly depleted at 
the convex sections due to a higher surface to volume ratio, after which depletion from the bulk 
occurs to form the precipitates. The localisation at the concave regions is attributed to several 
factors; the diffusion path is shorter from the bulk to the concave regions and the Al depletion 
from the concave regions is slower meaning the Al-Y activity remains high for longer times 
therefore sustaining a high driving force for the formation of the Y-Al precipitates. 
 
The interface morphology can also have an effect upon the oxidation behaviour of the system in 
terms of the formation of oxides other than alumina. Spinel and multi-oxide regions are 
commonly seen in samples forming along the top edge of the TGO. Taylor et al[41] examined the 
influence of the bond coat surface roughness on chemical failure and how this can affect 
delamination in TBC systems. The spinel regions that are commonly seen above the TGO layer 
are believed to have formed from asperities of the bond coat where a localised depletion of 
aluminium beneath these particles is seen. It is difficult for the aluminium to be replenished due 
to the neck of the asperity and therefore alumina is no longer able to reform. Breakaway 
oxidation then occurs and the asperity essentially becomes spherical region of spinel/multi-oxide. 
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The alumina is able to re-heal beneath these particles due to a higher aluminium level. Figure 
2.20 demonstrates this proposed process. 
 
Figure 2.20: Schematic diagrams describing the proposed mechanism by M. P. Taylor showing (a) 
sufficient aluminium present to maintain protective alumina layer, (b) rapid depletion and restricted 
replenishment reducing aluminium levels in the asperity, (c) aluminium content reaches level whereby 
protective alumina can no longer be maintained and remaining bond coat rapidly oxidises but re-healing 
occurs at the asperities base where aluminium levels are higher. Reproduced from[41]. 
 
Several studies have noted that the surface morphology can have a significant effect upon the 
failure behaviour of MCrAlY systems. The interface roughness can affect stress generation in the 
oxide and TBC layers which can lead to uneven stress distributions throughout the sample. These 
uneven stresses can be a cause of crack initiation which can lead to failure. Chapter 10 discusses 
the effects the interface morphology can have on the failure behaviour of MCrAlY coatings in 
more detail. 
2.7.4 MCrAlY Microstructure 
Generally these coatings contain a monoaluminide (MAl) compound within a more ductile matrix 
of γ or γ′ depending upon the composition. The matrix is either nickel or cobalt based and 
contains a large amount of chromium and an intermediate amount of aluminium which supplies 
the Al2O3 scale. Chromium is primarily added to improve the hot corrosion resistance and also 
increase the effective aluminium chemical activity. The yttrium addition is made to improve the 
adherence of the oxide scale. A typical MCrAlY overlay coating can be seen in Figure 2.21. 
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Figure 2.21: Backscatter electron image showing the two phase microstructure of an MCrAlY overlay 
coating.  
2.7.4.1 Effect of Alloying Elements in the Bond Coat 
The effect of alloying elements on the properties of the alloy can be quite large, whether it be for 
mechanical properties or for environmental properties. It is common for MCrAlY coatings to 
have a wide range of compositions in order to tailor the alloy to the particular working 
environment it will be subjected to. MCrAlY coatings are basically there to perform two 
functions, to act as a bond coat for the thermal barrier coating and to form an oxide scale in order 
to protect the superalloy substrate. MCrAlY coatings can be used on their own as environmental 
protection or as bond coats to aid adhesion of a TBC. Therefore the alloying elements are tailored 
in order to maximise these two properties. Table 2.2 contains description of the various alloying 
elements commonly found in MCrAlY coatings and their respective effects[27]. 
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Nickel Generally taken as a base element for overlay coatings on Ni-based 
blades to minimise interdiffusion; depresses chemical activity of Al. 
Cobalt Base element for overlay coatings on Co base alloys, although also used 
on Ni based alloys. Raises the chemical activity of Al and raises the γ′ 
solvus temperature in Ni-based alloys; slightly raises thermal expansion 
coefficient. 
Aluminium Alumina forming element in Ni and Co based alloys, suitable against HT 
oxidation up to about 1200oC; aluminide forming constituent in diffusion 
coatings; γ′ phase hardener in γ/γ′ Ni-based alloys. 
Chromium Chromia forming element, essential in both Ni and Co base alloys for hot 
corrosion resistance and against oxidation up to 850oC. Reduces critical 
level of Al needed to form Al2O3. 
Silicon Silica forming element most effective against low temperature hot 
corrosion; promotes formation of Al2O3 in Ni-Al base alloys. 
Yttrium and 
Rare Earth 
Elements 
Imparts adherence to protective Al2O3 and Cr2O3 on Ni and Co based 
alloys. Converts the growth characteristics of these oxides from 
predominantly cation to predominantly anion diffusion, also reduces the 
rate of chromia formers 
Hafnium Improves adherence of in-situ grown Al2O3 and Cr2O3 scales and of 
artificially deposited zirconia based layers on coatings. 
Platinum Improves adherence of Al2O3 on diffusion type coatings diffusion type 
coatings; lowers chemical activity of Al in Ni-based alloys and thereby 
reduces its interdiffusion. Effective element against acidic fluxing 
Tantalum Solid solution strengthener of γ and γ′ phases; reduces interdiffusion of 
Ni and is beneficial against hot corrosion. Improves oxidation resistance 
if <3 wt%, promotes early establishment of α-Al2O3 and reduces thermal 
expansion coefficient. 
Titanium Accelerates formation of Cr2O3 at metal/oxide interface in Ni-Cr alloys. 
Reduces thermal expansion coefficient if >6% in Ni-based alloys. 
Table 2.2: Effect of alloying elements on MCrAlY coatings, reproduced from[27]. 
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2.7.4.2 Rare Earth Elements (e.g. Yttrium, Rhenium) 
The addition of reactive elements can have a very significant effect upon the oxidation behaviour 
of both alumina and chromia forming alloys. The adherence of the oxide scale to the alloy is 
critical as it determines in part the operating life of the component. This is because if the oxide 
scale spalls off due to low adherence, more Al/Cr must be used to grow new scale which will 
eventually deplete, hence leaving the alloy open to attack. A list of reactive element effects 
includes[42]: 
 
• An improvement in scale adhesion or resistance to spallation; 
• A change in the scale-growth mechanism; 
• A modification of the scale microstructure. 
 
It is well established that small additions of reactive elements can improve the adherence of oxide 
scales to alloy substrates[43][44][45] via the changes above, but whilst the effects are well known the 
mechanisms which improve the adherence are still not completely understood. There have been a 
number of mechanisms proposed over the years which include[44]: 
 
• Reactive elements act as vacancy sinks to suppress void formation at the alloy/oxide 
interface; 
• Reactive elements form oxide ‘pegs’ at the alloy/oxide interface; 
• Reactive elements alter the growth mechanism of the oxide resulting in reduced growth 
stresses; 
• Reactive elements segregate to the alloy/oxide interface and form a graded seal or 
otherwise strengthen the alloy/oxide bond; 
• Incorporation of the reactive element into the oxide increases its plasticity; 
• Reactive elements tie up sulphur in the alloy and prevent it from segregating to the 
alloy/oxide interface and weakening an otherwise strong bond. 
 
The suppression of void formation is one of the most widely recognised reactive element (RE) 
effects in alumina forming alloys[46]. The formation of interfacial voids is detrimental to the scale 
adhesion because it reduces the contact area between the scale and the substrate which can cause 
spallation. The mechanism by which RE’s reduce this is still uncertain but possible explanations 
include that if voids form via a Kirkendall mechanism then the RE may be either altering 
diffusion rates, vacancy concentrations or some other aspect of the metal-oxide system[46]. 
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The other possible mechanism is related to the effect of sulphur within the system. It has been 
shown that a reduction of sulphur in the system leads to a greater scale adhesion[42][44][46]. The 
reasoning behind this is that if sulphur is present at the metal-scale interface it lowers the 
interfacial energy, which in turn increases the growth of interfacial voids[42][44] consequently 
improving the adherence of the scale. It is generally believed that the addition of RE’s affects the 
indigenous sulphur by either reacting with it to form sulphides or by preventing sulphur 
segregation at the metal-oxide interface[47][48]. The formation of sulphides within the 
microstructure has not been proven experimentally to counteract the sulphur[42] but it has been 
shown that it is important that the sulphur does not segregate to the metal-scale interface[42][43].  
 
Reactive elements also have a significant effect upon the growth of the oxide scale as well as the 
adhesion. These oxygen-active elements diffuse towards the scale-gas interface once a dense 
external scale of either Al2O3 or Cr2O3 is formed. Both cation and anion diffusion takes place 
along the grain boundaries in the scale[46] and because the RE ions diffuse much more slowly than 
the native cations (Al, Cr)[42] they significantly reduce the transport of cations[42][47] to the scale-
gas interface. This leads to a change in the growth direction from outward cations to inward 
anions[49][50] meaning that scale growth is controlled by the inward transport of O ions[8][42] 
leading to a reduction in the parabolic oxidation rate constant and hence  a reduction in the scale 
growth. 
2.7.4.3 Cobalt 
MCrAlY coatings have a wide range of possible compositions with M being Ni and/or Co in 
varying fractions. Obviously it is worthwhile to tailor this composition to the particular operating 
environment the coating will see in service. It is generally thought that to combat hot 
corrosion/sulphidation, a cobalt based coating is better. This basically stems from the fact that at 
high temperatures cobalt base alloys have a better resistance to sulphidation than Ni-based 
alloys[5] which could be attributed to the fact that the diffusivity of sulphur in cobalt base alloys is 
approximately 100 times lower than in Ni-based alloys[51]. Some papers state that better hot 
corrosion resistance is seen from MCrAlY coatings with larger cobalt additions present[8][52]. 
However, this statement is generally only valid for a certain set of hot corrosion conditions. The 
difference is evident at high temperatures with alloys containing both Al and Cr. Hot corrosion 
can generally be split into two types, high and low temperature corrosion, high temperature is 
often termed Type 1 hot corrosion and low temperature is termed Type 2 hot corrosion. The 
initiation of type 1 hot corrosion begins with basic fluxing where oxygen depletion then leads to 
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increases in the thermodynamic activity of sulphur leading to an increase in the basicity (an 
increase in the oxide ion activity) in the molten deposit which can flux oxide scales[11]. 
Propagation is again by basic fluxing as the molten salt deposits remain basic due to oxygen 
uptake and sulphide formation and corrosion continues as long as the sulphate deposition 
continues[11]. Type 2 hot corrosion is due to acidic fluxing which arises from the inherent acidity 
of the as-deposited sulphates whose acidity is caused by the partial pressure of sulphur trioxide in 
the combustion gas stream[11].  
 
Figure 2.22: Relative oxidation and corrosion resistance of high temperature coating systems, reproduced 
from[12]. 
 
The nature of this Type 2 corrosion is essentially similar to the fireside corrosion seen in coal-
fired boilers. Generally coatings that have good resistance to Type 1 hot corrosion don’t have 
good resistance to type 2 hot corrosion. In terms of industrial gas turbine blades, it is Type I hot 
corrosion that takes place where metal salts form on the surface (normally Na2SO4) with 
subsequent chemical reactions attacking the oxide film leading to oxidation of the base material 
and porous oxides forming or dissolution of the oxide[11][12][51][53]. Alloys with chromium and/or 
aluminium additions suffer propagation attack partly from oxidation of sulphides beneath the 
oxide scale[11] leading to scale disruption and therefore spalling and failure. Figure 2.22 details 
the relative oxidation and corrosion resistance of the various types of MCrAlY coatings. 
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The reason for use of a CoNiCrAlY coating, for its increased protection against hot corrosion, is 
common however, the use of the same coating for oxidation resistance is not as clear. However, 
as has been previously mentioned the effect of sulphur on the oxide scale is well known with 
respect to how it can detrimentally affect the adherence of a scale. Therefore, it is interesting to 
note that the diffusivity of sulphur in a cobalt base alloy is substantially lower than that in a Ni-
based alloy[51]. This would therefore suggest that the sulphur in a CoNiCrAlY coating will diffuse 
towards the metal-scale interface at a much lower rate than in a NiCrAlY coating therefore 
lowering the chance of void formation at the metal-scale interface thereby reducing adhesion. 
When this is coupled with the reactive element effect further slowing the diffusion of sulphur it 
could be said to have a large effect upon the scale adhesion and therefore ultimately life. It has 
also been noted that the addition of cobalt to MCrAlY bond coatings works in the same way as 
chromium in that it raises the chemical activity of aluminium therefore meaning that lower levels 
of aluminium can be used whilst still achieving an Al2O3 scale for protection[13][27]. 
2.7.5 TBC Microstructure/Alloying elements 
There are a range of ceramics that can be employed for a thermal barrier coating, all of which 
have different advantages depending upon the desired application. For an aero engine based 
thermal barrier coating there are seven basic requirements[54]; high melting point, no phase 
transformation between room temperature (RT) and the operating temperature, low thermal 
conductivity, chemical inertness, thermal expansion close to substrate, good adherence to metallic 
substrate and low sintering rate of porous microstructure. These requirements are very tight and 
there is a relatively small number of ceramics that are suitable, the most common being yttria 
stabilised zirconia (YSZ). The alloying elements in a YSZ TBC are used in order to stabilise the 
ZrO2 in either the cubic or tetragonal phase[27]. In the case of a plasma sprayed YSZ TBC because 
of the high quenching rates during the process, the ZrO2 forms in the tetragonal phase[55]. The 
microstructure of the plasma sprayed YSZ TBC forms in splats and is generally quite porous, 
although this is not a particular problem as this gives some strain tolerance/compliance to the 
TBC. 
2.8 Failure Mechanisms 
Failure of a Ni-based superalloy coated turbine blade can occur in several ways. In general there 
are two forms of failure; chemical failure and mechanical failure. Chemical failure is generally 
referred to in the situation when the aluminium reservoir has been depleted and the formation of 
other non-protective oxides occurs i.e. breakaway oxidation. Chemical failure can occur without 
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mechanical failure but generally occurs after a mechanical failure, i.e. when the TGO cracks 
leaving the bond coat exposed. This exposure leads to further alumina growth to ‘heal’ the TGO 
but if this process continues the aluminium reservoir can become depleted leading to the growth 
of other oxides and breakaway oxidation. 
 
Mechanical failure generally refers to the degradation of the TGO/TBC via imparted stresses 
either from the growth of the TGO itself, the stresses imparted due to the thermal expansion 
mismatch, or in the case of the TBC changes in properties due to sintering of the ceramic. The 
adhesion of the TBC to the bond coat is critical in the performance and lifetime of turbine blades 
and the failure of coated superalloy blades is normally attributed to the failure of the TGO for 
either chemical or stress related reasons, both of which result in spallation of the coating leading 
to an acceleration of failure. 
2.8.1 Chemical Failure 
Chemical failure refers to when there is significant growth of other non-protective oxides in the 
system resulting in the degradation of the alloy. In MCrAlY alloys this usually comes about when 
alumina is no longer preferentially formed but other oxides such as NiO, Cr2O3 etc begin to form. 
The formation of these oxides does not necessarily occur after long ageing times but can also 
happen upon the initial oxidation stages of the alloy; this is known as transient oxidation[15]. 
Transient oxidation occurs for almost all alloy systems for which the oxides of more than one 
component have negative free energy changes for their formation in the given atmosphere. 
 
Chemical failure can be either intrinsic chemical failure or mechanically induced chemical 
failure[56]. An alloy is susceptible to intrinsic chemical failure when the protective oxide becomes 
thermodynamically unstable with respect to the alloy composition at the metal/oxide interface. 
Therefore, continued oxidation will eventually deplete the aluminium concentration at the oxide 
metal interface where the oxygen activity will increase in order to maintain equilibrium. As 
aluminium is further depleted the oxygen activity will continue to rise until it passes a level at 
which reaction with other elements in the alloy becomes possible[57];  
 
Al2O3 + 2Cr → 2Al + Cr2O3 
Or 
Al2O3 + ½ O2 + Ni → NiAl2O4 
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Mechanically induced chemical failure comes about from the spallation of the alumina layer, thus 
allowing gas access to the alloy underneath. This can lead to pitting and/or breakaway oxidation 
if the aluminium concentration is low. Delamination of the TBC usually occurs by fracture within 
or close to the TGO and is commonly linked to the flexure of the layer due to compressive 
stresses experienced on cooling. However, cracks are also seen on isothermally aged samples and 
there is evidence to suggest that some surface regions of the bond coat will experience chemical 
failure and eventual breakaway oxidation in advance of the bulk coating surface[57]. These 
chemically failed regions will see the rapid growth of voluminous oxides other than alumina (Cr 
or Ni rich[57]). This variation in the TGO growth rates will result in the evolution of out of plane 
tensile stresses at the TGO/BC interface encouraging cracking[57]. 
2.8.2 Mechanical Failure 
Mechanical failure of the TGO/TBC is associated with the stress fields that can occur, be they 
due to growth stresses, cooling stresses, geometrical factors. Mechanical failure may be of a level 
that leads to spallation of the TBC layer but more commonly leads to breakaway oxidation and 
chemical failure, which may then further increase the risk of mechanical failure due to the 
resultant stresses. 
 
One area of induced stress can come directly from the growth of the oxide itself. There are 
several factors which affect the level of stress induced from the oxide growth. The volumetric 
difference between the oxide and the metal can impart stress. The Pilling-Bedworth ratio (ratio of 
the volume of the elementary cell of a metal oxide to the volume of the elementary cell of the 
corresponding metal from which the oxide is created) gives an idea of the mismatch between the 
metal and the oxide, for instance the Pilling-Bedworth ratio for Al2O3 is 1.28[15]. The oxides on 
most metals are expected to form in compression, however this would only seem feasible if the 
oxide is growing at the scale metal interface due to inward oxygen ion migration. Scales forming 
at the oxide/gas interface from outward cation migration should not develop a stress due to the 
volumetric difference because the volume difference between the metal and the oxide is 
expressed in the oxide thickness, however in practice this may not be the case. The stresses 
developed in the oxide will depend on many factors, from experimental conditions, to geometry 
and in the case of turbine blades with a TBC coating, an additional complication is that the TBC 
must also be constraining the oxide somehow, all of which are not taken into account by the 
Pilling-Bedworth ratio. Other sources of stress can be the formation of oxide at sites within the 
scale, such as precipitate formations, spinel regions etc, which can result from an inward 
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migration of oxygen into the scale along grain boundaries and can also generate stresses within 
the scale.  
 
The oxide thermal expansion coefficient is generally lower than that of the metal and therefore 
compressive stresses occur during cooling. The magnitude is therefore relative to the thermal 
coefficient mismatch between the metal and the oxide. Since gas turbine engines are generally 
thermally cycled, be it for maintenance, to meet power demand, it is generally thought that most 
of the cracking due to thermal mismatches occurs during cooling[58]. Another important factor in 
respect of scale stress is the scale geometry. The differing curvatures and growth mechanisms 
along an oxide can affect the stress, and Hanncock and Hurst[59] have divided these effects into 
four categories: 
 
• Cationic oxidation on a convex surface – The metal retracts as the oxide forms at the 
scale/gas interface. Compressive stresses are generated as the scale tries to follow the 
surface of the metal surface; 
• Anionic oxidation on a convex surface – Continued scale formation at the scale/metal 
interface can result in tensile stresses at the outer regions of the scale; 
• Cationic oxidation on a concave surface – The initial oxide forms in compression but 
geometry can result in a decrease and eventually the stress changes to tension; 
• Anionic oxidation on a concave surface – Initial scale forms in compression and as new 
scale forms at the scale/metal interface these stresses increase. 
 
The interface strength of the oxide also has implications for the failure mode of the oxide. Evans 
et al[60] suggests two main modes of failure depending upon the interfacial strength, Mode I and 
Mode II. Mode I failure is where a through thickness shear crack in the oxide layer that allows the 
tensile cracks to open up along the TGO/BC interface. This happens when the strength of the 
interface is higher than the compressive fracture strength of the oxide. Mode II failure is where a 
weak interface with a pre-existing oxide-metal delamination grows to some critical radius that 
then initiates bucking. 
 
Haynes et al[58] noted that on gradually convex surfaces in thermally cycled samples the damage 
seemed to be greater than elsewhere in the samples. This increased damage at these regions was 
attributed to the buckling of the oxide scale. Utilising Evans two modes of failure, a mode II 
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fracture was suspected. The localisation of the buckling at the convex regions of the TGO was 
attributed to the fact that a pre-existing tensile stress in the oxide is present which will accelerate 
the buckling. This scale buckling will obviously also impose further stresses on the surrounding 
areas (i.e. TBC) not only from the buckling itself but also from any further oxide that may form 
in the cracks, be it alumina or spinel. Rabei et al[61] also proposes a mechanism for the initiation 
and propagation of cracks from convex regions of the interface. He proposes the following 
mechanism. Radial cracks form in the TBC as the TGO thickness increases due to stresses in the 
TBC normal to the interface. Whilst these cracks can penetrate quite far through the TBC they do 
not penetrate the TGO. Then on cooling the thermal expansion misfit causes appreciable tension 
normal to the interface between the TGO and the bond coat causing the interface to separate and 
rupture the TGO. The cracks formed in the TBC then tend to join up with the regions where the 
TGO ruptures and the crack propagates through the sample causing spallation. Figure 2.23 shows 
schematically the cracking sequence suggested by Rabei et al[61].  
 
This mechanism may link into the buckling that was noted by Haynes in as much as that if 
gradually convex regions are more susceptible to buckling then when they buckle it could be 
expected that further stresses may be imposed in the TBC at these regions. The extra stresses 
could then initiate cracking in the TBC which could then propagate through the TBC on cooling 
continuing through regions where further buckling is seen, eventually leading to the spallation of 
the TBC layer and some of the TGO (where the crack has passed through). Section 2.8.1 on 
chemical failure discussed how the depletion of aluminium can lead to the formation of 
breakaway oxides which can lead to failure. Even within isothermal samples spinel formations 
are noted at the top edge of the TGO as ‘bubble’ regions. Taylor et al[41] suggests that these 
regions have actually formed from bond coat asperities which have become depleted of 
aluminium and breakaway oxidation has occurred.  
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Figure 2.23: Cracking sequence suggested by the stresses due to growth and thermal misfit. 
Reproduced from[61]. 
It is suggested that these asperities initially form an alumina layer but due to localised aluminium 
depletion in the asperities and a lack of aluminium replenishment due to the small ‘neck’ of the 
particle, breakaway oxidation occurs and the asperity becomes a spinel ‘bubble’[41]. Because the 
aluminium reservoir below the particle is still high alumina then reforms across the bottom of the 
asperity giving the appearance of the spinel bubble situated at the top edge of the TGO[41]. The 
growth of any oxide at high temperature will lead to an associated volume increase in this 
mechanically constrained environment, which will inevitably lead to a strain being generated. If 
the surface is not flat then an even more complex stress will develop that will vary with the 
surface geometry. These strains result in an out-of-plane tensile stress which is expected to 
maximise between the peaks and troughs of the bond coat[41]. 
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The spinel formations mentioned will therefore result in larger out-of-plane tensile stresses which 
can be very high (>1 GPa[41]). If these asperities are numerous it is reasonable to assume that the 
out-of-plane stresses will be substantial, and enough to nucleate sub-critical cracks within the 
TBC[41]. At high temperatures these cracks cannot extend far as there is no driving force for crack 
growth due to the out-of-plane stresses, however if cooling occurs then the stress patterns can 
change due to differences in thermal expansion and the geometry of the oxide[39]. Stresses across 
the TGO can provide a driving force for new initiation points and breakaway oxides as well as 
growth of the already established cracks[41]. The model created from this work suggested that the 
initial oxidation of the system leads to a much higher depletion rate in the asperities meaning that 
that over a period of time they will be susceptible to chemical failure. It is suggested however that 
for failure to occur a mechanically induced chemical failure is most likely, i.e. from a crack. The 
sort of mechanical damage needed could be induced by the complex stresses experienced during 
leading to the initiation of a crack. Because there is a low Al concentration in the asperity (due to 
the faster depletion) the formation of a healing alumina layer is unlikely, therefore leading to 
breakaway oxidation. 
 
In service however, it is unlikely that one particular mode of failure will dominate due to the 
variable scale/interface/bond coat conditions around a sample. For example, over just one sample 
cross-columnar Al2O3 cracks are seen in one region, and in others scale/metal delamination is 
seen[58]. The scale bond strength can be affected by segregation, interfacial voids, epitaxial effects 
and aluminium depletion[58]. Added to this plasma sprayed coatings are extremely 
inhomogeneous and therefore these effects will vary throughout the sprayed layer[58]. Particles 
forming in the TGO could be thought of as initiation points for cracks, however internal cracks in 
the TGO showed that YAG particles were not initiation points as they were intersected by 
cracks[58]. Due to the rough nature of the bond coat, the TGO itself is also geometrically variable 
throughout and the change in the surface also affects the spallation behaviour. 
2.9 Summary 
This chapter has reviewed the history of superalloys and their main processing routes. The 
microstructure during service conditions has also been discussed. The types of coatings and 
coating processes used for protection of the superalloy substrates at high temperatures have been 
discussed and their microstructural behaviour due to composition and high temperatures. The 
process of oxidation has also been reviewed in detail. The processing routes and microstructures 
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of MCrAlY coatings have been discussed along with the effects which alloying elements have on 
their performance. The literature has shown that although there are several theories on how 
aspects such as alloying elements and processing parameters can affect the oxidation behaviour of 
MCrAlY coatings, there is still a lack of information on the exact mechanisms that take place. 
Therefore, in order to improve the knowledge of how aspects such as the MCrAlY composition 
and processing parameters affect the growth of the TGO, this work has been carried out to further 
quantify the effects different MCrAlY compositions can have upon the TGO formation.
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Chapter 3 
3               Experimental Methods 
3.1 Introduction 
This research programme was focussed on the characterisation of a Ni based superalloy material 
with a range of applied coating systems. These systems all comprised of an IN738LC 
conventionally cast substrate and an 8 wt.% yttria stabilised zirconia thermal barrier coating. The 
difference between the systems were the bond coats, which varied in composition and powder 
manufacturer, as well as the fact that they had been subjected to various ageing treatments 
including both isothermal ageing and thermal cycling. 
 
This chapter describes the materials investigated, the experimental techniques and the analytical 
methods employed. All materials/samples were mainly analysed by means of scanning electron 
microscopy (SEM), with energy dispersive x-ray (EDS) analysis to determine the chemistry of 
phases. The grain structure and phases present were determined using combined electron 
backscatter diffraction (EBSD)/energy dispersive x-ray (EDS) analysis. Thermodynamic 
equilibrium calculations were carried out by the means of a software package called 
Metallurgical and Thermochemical Databank (MTDATA) version 4.74, which was developed by 
the National Physical Laboratory (NPL)[62] and allows equilibrium to be calculated for 
multicomponent systems, containing many different types of phase, from critically assessed data 
for their component binary, ternary and higher order subsystems. This was used in conjunction 
with a Ni-superalloy database[63]. A combined thermodynamic and kinetic model which allowed 
for interdiffusion between the coating and the substrate was also used to predict the phases 
present in the coated system as a function of temperature and time[64]. 
3.2 Materials 
The materials investigated during this program were supplied by RWE npower and were based on 
an IN738LC conventionally cast substrate whose nominal chemical composition is given in Table 
3.1. 
Table 3.1: Nominal chemical composition of IN738LC, wt.%. 
 
C Si Cr Co Mo W Ti Al Zr Ta Nb B Fe Cu S Ni 
0.14 - 15.5 8 1.5 2.3 3.25 3.25 0.05 1.5 0.60 0.005 - - - Bal 
Experimental Methods                                                                                                         Chapter 3 
 
51 
 
 
Table 3.2: Table detailing main heat treatments of all coated IN738LC superalloy samples. N.B. each 
heat treatment is a different sample. 
 
 
 
 
 
The material was provided in several forms, the main sample group being a range of coated plates 
in various sizes. The samples were supplied having had heat treatments representative of 
operational temperatures (between 900°C and 1000°C) for times of 2000 h, 3300 h and 10000 h 
in both isothermal and thermally cycled conditions after standard pre-service heat treatments. 
Table 3.2 details the main heat treatments for all coated samples on an IN738LC superalloy 
substrate. All isothermal samples have been heat treated in air, whereas samples that have been 
thermally cycled have followed the process described in Chapter 11 Section 11.1. The coatings 
employed on the samples under investigation were MCrAlY overlay coatings. There are a range 
of different compositions from various different vendors, many of which have similar 
Heat Treatments Coating 
Type Composition TBC Type 
Deposition 
Method for 
Bond coat 
Temperature 
(°C) Time (h) 
CT103 NiCoCrAlY APS YSZ LPPS 
 
940 
960 
975 
Unaged 
1, 10, 100, 200, 2000, 5000, 10000 
900, 2000, 5000 and 10000 
2000, 5000, 10000 
Amdry 920 CoCrAlY APS YSZ LPPS 
 
940 
1000 
1000 + TC 
Unaged 
1, 10, 100, 200, 2000 and 10000 
2000 and 3300 
2000 and 3300 
Ni211 NiCrAlY APS YSZ LPPS 
 
940 
1000 
1000 + TC 
Unaged 
1, 10, 100 and 200 
2000 and 3300 
2000 and 3300 
CT102   CoNiCrAlY APS YSZ LPPS 
 
940 
1000 
1000 
Unaged 
1, 10, 100 and 200 
2000 and 3300 
2000 and 3300 
CT102   CoNiCrAlY EBPVD YSZ LPPS 
 
940 
Unaged 
1, 10, 100 and 200 
LC022 CoNiCrAlY APS YSZ LPPS  940 
Unaged 
1, 10, 100 and 200 
Elcoat2185   CoNiCrAlY APS YSZ LPPS 940 2000 and 10000 
Co-211   CoNiCrAlY APS YSZ HVOF 
940 
1000 
1000 + TC 
2000 and 10000 
2000 and 3300 
2000 and 3300 
LPPS = Low Pressure Plasma Spray Thermal Spray Process 
HVOF = High Velocity Oxygen Fuel Thermal Spray Process 
EBPVD = Electron Beam Physical Vapour Deposition  
TC = Thermally Cycled 
APS = Air Plasma Sprayed 
YSZ = Yttria Stabilised Zirconia 
KC = Key Coat 
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compositions. The various compositions of the bond coats are detailed in Table 3.3. All samples 
had a ceramic yttria stabilised zirconia thermal barrier coating (TBC) sprayed on top of the 
MCrAlY bond coat. The nominal composition of the TBC is 8 wt.% yttria, with zirconia to 
balance. 
 
All of the coatings were applied to the IN738LC using a low pressure air plasma spraying (LPPS) 
process, with the exception of one (the CoNiCrAlY Co211) which was sprayed by a high velocity 
oxy fuel (HVOF) spraying process. The plasma spraying process uses a DC electric arc to 
generate a stream of high temperature ionised plasma gas which acts as the spraying heat source. 
The coating material is conveyed using an inert gas stream into the plasma jet, where it is 
subsequently heated and propelled towards the substrate. Due to the high temperature and high 
thermal energy of the plasma jet it is possible to spray materials with high melting points, which 
are normally in powder forms initially. Cleaning and roughening of the workpiece is important 
prior to spraying because it provides a more chemically and physically active surface that is 
needed to ensure good bonding ensues. The roughening will increase the surface area, therefore 
increasing the coating bond strength, and will also promote mechanical keying of the coating. 
 
Coating name Ni Co Cr Al Y Si Powder Information 
CT103 47.5 22 17 13 0.5 - Proprietary powder used by Chromaloy 
Amdry920 - 64.7 29 6 0.3 2 Sulzer Metco 
Ni-211 67 - 22 10 1 - Praxair 
CT102 32 38.3 21 8 0.7 - Proprietary powder used by Chromaloy 
LC022 32 38.3 21 8 0.7 - - 
Elcoat 2185 32 38.3 21 8 0.7 - Proprietary powder used by Elbar 
Co-211 32 38.5 21 8 0.5 - Praxair 
Table 3.3: Nominal compositions of various coatings (Bond Coat), wt.%. 
3.3 Thermodynamic Calculations 
The software package Metallurgical and Thermochemical Databank (MTDATA) version 4.74, 
which was developed by the National Physical Laboratory (NPL)[62] was used to carry out 
equilibrium thermodynamic calculations. MTDATA is a software package that allows 
equilibrium to be calculated for multicomponent systems, containing many different types of 
phase, from critically assessed data for their component binary, ternary and higher order 
subsystems.  
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Figure 3.1: Structure overview of the MTDATA software package showing the different modules used 
for data retrieval, assessment and calculation, reproduced from[65]. 
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Essentially equilibrium is calculated using a true Gibbs free energy minimisation procedure of a 
system, thereby finding the equilibrium volume fraction and the composition of the phases that 
are present. In order to predict the amount and chemical composition of phases occurring in a 
system as a function of time and temperature at a given pressure it is necessary for accurate 
thermodynamic data for all the phases of interest to be available. Therefore, the data available for 
the components of interest and their interactions with a system are vital. These data are stored in 
the form of assessed parameters for various models that describe thermodynamic properties of 
phases which can be assessed by an integral data management system. Figure 3.1 shows an 
overview of the different software modules used for data retrieval, assessment and calculation in 
the MTDATA software package. MTDATA has a principal mode of calculation called 
MULTIPHASE which can solve equilibrium problems involving many phases and components. 
MULITPHASE will calculate the equilibrium state in terms of the distribution of the components 
and species between the stable phases as well as the volume or pressure. 
 
MTDATA was used in conjunction with a Ni-superalloy database[63], which contains the relevant 
thermodynamic coefficients. The database was designed for Ni-based superalloys substrates and 
incorporates Ni, Al, Co, Cr, Fe, Hf, Mo, Re, Ta, Ti, W, Zr, B, C and N. The database was 
primarily produced for Ni-based superalloys and therefore the MCrAlY coating compositions, 
with significantly lower amounts of Ni, may be subject to some error. Yttrium is also not 
accounted for in the database, therefore care should be taken when performing calculations on 
MCrAlY coatings. The main phases included in the database are the matrix phases γ, γ́ and β, 
carbides such as MC, M23C6 and M7C, and TCP phases such as σ, µ, P and R phase and finally 
several forms of borides. The phases allowed for the calculations in this work for the coatings and 
the substrate respectively can be seen in Tables 3.5 and 3.6 respectively. 
 
Elements Included Phases allowed Phases not allowed 
Nickel Liquid Delta 
Cobalt Gamma Prime Delta Prime 
Chromium Gamma Eta 
Aluminium Beta  
 Laves  
 Alpha-chromium  
 Sigma  
Table 3.5: Details of elements and phases allowed for MTDATA calculations for bond coats. 
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Elements Included Phases allowed Phases not allowed 
Carbon Liquid Delta 
Chromium Gamma Prime Delta Prime 
Cobalt Gamma Eta 
Molybdenum Beta HCP_A3 
Tungsten M23C6 A4B_D1 
Titanium M6C MB2_C32 
Aluminium Laves NIMO 
Zirconium Alpha-chromium M2B_ORTH 
Tantalum M3B M2B_TETR 
Niobium M7C3 M3B 
Boron Sigma M3B2_TETR 
Nickel Mu phase  
 P phase  
 R phase  
Table 3.6: Details of elements and phases allowed for MTDATA calculations for the IN738LC 
substrate. 
 
In addition to the equilibrium calculations using the multiphase modules, use was made of the 
Isopleth macro within the application interface. Isopleth calculations allow the composition to be 
varied over a temperature range to check how the phase stability alters with both composition and 
temperature. In the case of these samples Ni, and Co were varied in order to investigate their 
effect on the beta phase stability. 
3.4 Metallographic Preparation of Samples 
Samples were prepared in order that they may be examined using a range of techniques. In 
general the same level of specimen preparation is needed for optical, scanning electron 
microscopy (SEM), focussed ion beam scanning electron microscopy (FIBSEM) and 
transmission electron microscopy (TEM). However, for both electron backscatter diffraction 
(EBSD) and ion etching, further steps are needed to gain the desired surface finish. This is 
because both techniques require a perfectly flat and strain free surface for imaging. Ion etching is 
a technique whereby ions are used to sputter material and operates with a gallium ion source 
giving different contrast mechanisms from that in the electron beam (see Section 3.8 for further 
details). All samples were cut from coated and aged/unaged plates using a StruersTM Accutom-5 
precision cut off machine for precise and deformation free cutting, using an Al2O3 blade. 
 
The presence of the ceramic TBC layer meant that the preparation of the samples is very 
important. In order to minimise imparting stress into the samples whilst cutting, very slow speeds 
(0.005 mm s-1) were used and the samples ground back by at least 1 mm to ensure that the area 
where stress may have been induced had been removed. Cuts were made perpendicular to the 
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TBC in order to reduce the risk of delamination. Samples were then hot mounted in conductive 
bakelite. 
 
Samples were ground and polished using an automatic polisher (Struers 25 + TegraForce 5) and a 
Struers TegraDoser-5 automatic doser. An automatic polisher was used mainly to ensure 
reproducible polishing for all samples and the ability to keep the samples perfectly flat. Samples 
were first ground on successively finer grades of SiC paper (200, 800 and 1200 grit) until only 
light scratches remained. The light scratches were then subsequently removed by polishing on 
various cloths consisting of silk, wool and synthetic based cloths with appropriate combined 
polishing and lubricant solutions (details of which can be seen in Table 3.7). The samples were 
polished to a 1μm surface finish. Samples finished to this level were then used for optical, SEM 
and FIB TEM sample production etc. 
 
For EBSD samples it is imperative to obtain a high quality surface finish without inducing any 
mechanical damage of the specimen surface, which can affect the diffraction patterns obtained 
from the sample’s surface. In the case of ion etching the surface needs to be deformation free. 
Therefore, an additional final polish using colloidal silica (0.02 μm sized silica particles) was 
employed to achieve a non-mechanically damaged surface. The Buehlers colloidal silica has a pH 
of 10.5 and is therefore alkaline, meaning that a chemical etch is also obtained from this polishing 
procedure. Due to the fact that there is ceramic material present (both in terms of the TBC and the 
oxide layer) the polishing time was adjusted in order to achieve a suitable polish for the whole 
sample, and a value of 30 minutes was chosen. 
 
Grinding/Polishing Cloth Polishing Solution Surface Finish 
Al2O3 paper Water 200 grit 
Al2O3 paper Water 800 grit 
Al2O3 paper Water 1200 grit 
Struers MD Plan Struers DiaPro Plan 9μm 
Struers MD Mol Struers DiaPro Mol 3μm 
Struers MD Floc Struers DiaPro NapB 1μm 
Struers MD Chem Buehler Mastermet 2 0.02μm 
Table 3.7: Details of grinding and polishing cloth/solutions used for sample preparation. 
3.5 Scanning Electron Microscopy (SEM) 
Optical microscopy has a maximum magnification of approximately 1000X whereas scanning 
electron microscopy (SEM) is capable of a much higher magnification (from 10X up to 
~75,000X[66]) therefore allowing the resolution of features not observable optically. The SEM 
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works by means of electron beam irradiating a sample from which several forms of signal can be 
acquired. The interactions of the irradiated electrons and the atoms of the surface of the specimen 
cause a range of information to be produced. The type of information is dependent upon the 
electron-specimen interactions and the depth and extent of the interaction volume as shown in 
Figure 3.2. 
 
The different forms of interaction between the electrons and the surface atoms of the specimen 
can be termed as different modes of imaging. Electrons that are ejected from the sample surface 
with low energy are termed ‘secondary electrons’. Therefore, it is only possible to detect 
secondary electrons close to the surface, which means they are sensitive to the sample 
topography. Electrons that are scattered back from the nucleus of atoms impinged by the 
irradiated electrons are termed ‘backscattered electrons’. They have a much greater energy than 
secondary electrons given that they come from a greater depth within the specimen. The atomic 
number of the atoms impinged by the beam will affect the strength of the signal from the 
backscattered electrons, meaning that a strong signal is associated with a high atomic number 
element resulting in a bright region appearing in the image. 
 
These two modes of electron-atom interaction form the two main imaging modes in SEM. 
Secondary electron imaging gives good resolution (a resolution of a few nanometres is possible) 
and depth of field allowing topographical imaging of the surface. Backscattered imaging gives a 
contrast that is dependent upon the atomic number of elements within the sample which can give 
greater contrast but also yields a qualitative compositional analysis of the surface. The 
backscattered mode was commonly used for the imaging of samples in order to observe contrast 
of some phases (particularly in the bond coat) which would otherwise not be seen in secondary 
electron mode without prior etching of the sample. A Leo 1530VP field emission gun scanning 
electron microscope (FEGSEM) was used which was operated with both a backscattered electron 
detector and a secondary electron detector. The FEGSEM is equipped with an EDAX Pegasus 
system combined EBSD and EDS coupled with an ultra thin window detector that enables the 
detection of low atomic weight elements such as C and O. 
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Figure 3.2: Schematic illustration of the interaction volumes for different electron-specimen interactions, 
redrawn from[67]. 
3.6 Energy Dispersive X-ray (EDS) Analysis 
Energy dispersive X-ray (EDS) analysis can be utilised to investigate and discriminate particles 
and phases by determining their chemical composition. The system works by identifying the 
energy of the X-rays emitted from the elements within a specimen[66]. Furthermore, given that the 
number of X-rays emitted is approximately equal to the concentration of that element it is 
possible to provide a quantification of the elements present within a sample. 
 
There are certain limitations that apply to EDS analysis, which should be taken into account: 
Primary 
Electron Source 
Specimen Surface 
Source of Secondary 
Electron Signal 
Source of Backscattered 
Electrons 
Source of Electron Excited 
Characteristic X-ray’s 
Source of Secondary 
Fluorescence 
X-ray Resolution 
~1 µm 
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• The minimum size of the particles that can be analysed is approximately 1 μm and 
therefore possible inaccuracies may arise due to interaction volume issues which could 
lead to X-rays being excited from the region below the one being examined. In the case 
of the samples investigated here small precipitates (< 1 µm in size) could not be 
resolved as X-rays from the surrounding matrix would also be picked up. 
• The type of window of the detector will limit the elements that can be detected. Even 
though an ultra-thin window, such as the one in the FEGSEM used in this study, will 
enable the detection of low atomic weight elements such as C and O, it is not possible to 
determine their exact quantification due to uncertainties in their mass absorption 
coefficients[67]. 
 
EDS mapping was used both for taking spot composition measurements of phases/grains and also 
for determining bulk compositions of areas of a sample. EDS elemental mapping is conducted in 
the same way as normal EDS and the same limitations therefore apply. However, the mapping is 
completed by scanning over an area with each scan making up a frame. By taking a number of 
frames an image of the elemental distributions can be compiled.  
3.7 Electron Back Scatter Diffraction (EBSD) 
An electron beam directed onto a material gives rise to different scattering events. One of these 
scattering events result in backscatter electrons which can be utilised for imaging, chemical 
composition determination and crystallographic analysis of the sampled volume. This 
crystallographic analysis is accomplished through evaluation of diffraction patterns which are the 
result of electrons being diffracted by lattice planes. When the electron beam enters a crystalline 
solid it is diffusely and inelestically scattered in all directions but the locus of the diffracted 
radiation forms the surface of a cone about the normal of the reflecting plane. Two cones are 
formed from the front and back surface of the plane. When the cones intersect a phosphor screen 
sets of parallel lines are formed, known as Kikuchi lines (see Figure 3.3). The spacing of the lines 
is an angular distance of 2θ, which is proportional to the interplanar spacing in the crystal. 
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Figure 3.3: Diagram of how Kikuchi Lines are produced, reproduced from[68]. 
 
A Kikuchi pattern consists of pairs of parallel lines with each pair, known as a Kikuchi band, 
having a distinct width which is related to the spacing of a specific crystallographic plane. This 
Kikuchi pattern contains interzonal and interplanar angles therefore allowing identification of the 
crystal symmetry. An example of a Kikuchi pattern from the Ni-superalloy substrate can be seen 
in Figure 3.4.  
 
 
Figure 3.4: Image of a Kikuchi Pattern from a Ni-superalloy gamma phase. 
 
Whilst it should be possible to create perfect phase maps of a sample simply from the obtained 
crystallographic data, this is not always the case. Differentiating between gamma and gamma 
prime for instance is very difficult. Both are face centred cubic (FCC) based structures (γ = fcc, γ́ 
= L12) with lattice parameters that are only slightly different (see Table 3.8), making it very hard 
to differentiate between the two.  
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Lattice Parameters (Å) Phase Structure 
a b c 
Cr2O3 Trigonal Primitive 4.917 - 13.697 Chromia 
Cr3O4 Tetragonal Primitive 6.145 - 7.55 
Gamma γ - Ni Cubic FCC 3.52 - - 
Gamma 
Prime γ′ - Ni3(Al,Ti) Cubic FCC 3.572 - - 
Beta Β - NiAl Cubic FCC 2.88 - - 
α-Cr α-Cr Cubic FCC 2.88 - - 
ZrO2 Tetragonal Primitive 3.64 - 5.27 
ZrO2 Cubic  4.62 - - Zirconia 
ZrO2 Monoclinic  5.313 - 5.147 
Alumina Al2O3 Alpha  4.758 - 12.991 
Table 3.8: Details of crystallographic parameters used for EBSD analysis.  
 
However, using the EDAX Pegasus EBSD software it is possible to collect EDS chemical data at 
the same time as the crystallographic data. The chemical data can then be linked into the 
crystallographic data to further differentiate the two phases. This is still hard to do for gamma and 
gamma prime as their compositions are quite close, however gamma prime has a slightly higher 
aluminium content meaning it can be differentiated on this. Similarly the beta phase can be 
discriminated via its aluminium content, α-Cr by its high chromium content, chromia and alumina 
via their aluminium and chromium contents.  
3.8 Dual Beam Focussed Ion Beam Field Emission Scanning Electron Microscope 
(FIBSEM) 
A dual beam FIBSEM combines both a FEGSEM column and an ion beam column with a liquid 
gallium source. The FIBSEM also has several other attachments including EDS, EBSD, 
lithography packages and several different gas injectors; platinum, an insulator enhanced etch 
(IEE) and a selective carbon etch (SCE). Figure 3.5 shows the arrangement of components inside 
the FIBSEM chamber. The FIBSEM used in this research was an fei Nova Nanolab 600 with an 
EDAX Pegasus combined EBSD/EDS analysis system. The platinum gas injector allows the 
deposition of protective or conductive layers, electrical connections i.e. in circuit edits and micro-
welding to the micromanipulator e.g. during a TEM sample liftout. The IEE can remove 
insulating materials preferentially to conductive materials and can also aid in removing material 
e.g. when milling thin deep trenches and also be used as an etch. The SCE can remove carbon 
based materials quickly, which is particularly useful for milling photoresists.  
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Figure 3.5: Image of the inside of the FIBSEM showing the major components. 
 
The ion beam can be used for three main purposes; imaging, deposition and etching. The ion 
beam operates with a gallium source and because gallium atoms are 20,000 times bigger and 
130,000 times heavier than electrons, they sputter what they hit. The electron beam is mainly 
used for imaging in the same manner as in a normal SEM, although it can also be used for 
deposition and in the case of certain samples, for etching. The ion beam is inclined at 52° to the 
electron beam and the eucentric goniometer stage (tilt range –10 to 60°) tilts between the two for 
use. 
 
Figure 3.6: Diagram showing the relative positions of the electron and ion beams with respect to the 
specimen stage. 
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 Figure 3.6 illustrates the stage movements for both beam positions. The electron beam has 
similar imaging capabilities to that of a normal FEGSEM but the ion beam has a resolution of ~7 
nm and produces secondary electrons in a very similar manner to the electron beam, however, the 
images can be very different due to different contrast mechanisms. The main difference is due to 
channeling contrast which occurs in crystalline materials. Ions penetrate greater distances along 
low index directions compared to non-channeling directions. Therefore channeling contrast 
results due to the secondary electron yield varying as a function of the crystallographic 
orientation within a sample. Hence, a single crystal region will appear darker when aligned to a 
low index direction due to a decrease in the number of emitted electrons[69]. 
 
The FIBSEM was used for two main purposes within this project; firstly for the preparation of 
samples for TEM but also for the examination of the microstructures of samples. Although 
sample preparation for a TEM can be done using other methods, (i.e. thin foil preparation) the 
benefit of using a FIBSEM to create TEM samples is the ability to make site specific samples. 
This therefore means that a sample can be taken from a certain region of oxide growth and 
imaged at high magnification in a TEM whereas using conventional thin foil preparation would 
mean that it would be nearly impossible to create a sample from a specific area. To manufacture a 
TEM sample, first of all a region of interest is located and then using the ion beam the 
surrounding area is milled away to leave a thin lamella across the desired region. This thin 
lamella then needs to be retrieved by attaching a micromanipulator to the lamella (by depositing a 
thin layer of Pt) and then freeing the lamella from the sample by cutting it free, before lifting it 
out. The sample is then moved to a copper grid where the lamella is attached to the grid before 
the micromanipulator is detached from the lamella. The lamella then needs to be thinned to ~100 
nm in order that it is electron transparent. The ion beam is again used to mill the sample down to 
the required thickness. The process is illustrated in Figure 3.7. 
 
The FIBSEM also has a scanning transmission electron microscope (STEM) attachment meaning 
that TEM samples produced using the system are able to be imaged in the same machine, 
although limited to 30kV. Chemical analysis is also possible with an EDAX Pegasus system. The 
system also features an EBSD camera and is capable of both 3D and combined EBSD/EDS. The 
FIBSEM is also equipped with a solid state retractable low voltage back scatter detector, which 
was used for grain structure analysis. Working at low voltage (typically 3 kV) in backscatter 
mode reduces the beam penetration depth and therefore reduces effects from sub-surface 
particles. In addition, the proportion of diffraction contrast relative to ‘Z’ contrast is increased, 
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which in these systems allows the grain structures of the coating, TGO and TBC to be revealed 
simultaneously. 
 
 
Figure 3.7: TEM sample preparation using a FIBSEM. 1) Area of interest, 2) Rough milled TEM sample, 
3) Micro-manipulator welded to the TEM sample ready for lift-out, 4) Lift-out, 5) Micro-manipulator with 
sample attached approaching the copper TEM grid, 6) Sample welded to the copper TEM grid, 7) Micro-
manipulator detached from sample, 8) Sample part-way through thinning and 9) Final thinned TEM 
sample. 
3.9 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy uses very high magnifications (up to X1000,000[70]) and 
operates in the same basic way as an SEM, by bombarding a sample with electrons. The TEM, 
however, uses the electrons that are transmitted through a thin sample to build an image rather 
than the electrons that are emitted from a sample like in SEM. Two TEM’s were used (both at 
200kV) in this work; a JEOL JEM 2000FX TEM and a Philips Tecnai F20 FEG-(S)TEM each 
equipped with Oxford Instruments Inca and Link Isis Series 300 EDS systems respectively. The 
Tecnai also has a Fischione high angle annular dark field (HAADF) detector. The HAADF 
detector collects a much larger number of electrons than conventional dark field imaging. The 
advantage of this detector is that a HAADF image is formed from only very high angle, 
incoherently scattered electrons (as opposed to Bragg electrons), meaning it is highly sensitive to 
variations in the atomic number of atoms (Z-contrast). This makes it very useful for the imaging 
of reactive elements in thermally grown oxides. 
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Although composition analysis provides useful data on particle types it will not unambiguously 
identify a phase. A more reliable technique is selected area diffraction carried out in the TEM. An 
aperture is chosen to select a particle and the electron diffraction pattern obtained from the 
particle is used to determine its crystal structure (see figure 3.8). It is possible to match the 
obtained pattern with a particular phase with knowledge of the crystal system.  
 
 
Figure 3.8: A selected area diffraction pattern of the [0001] zone, obtained from an alumina TGO. 
 
With selected area diffraction the distance (Rhkl) between the transmitted spot and the diffracted 
spot in the pattern is related to the spacing (dhkl) for the plane indices hkl. The camera length (L) 
and the wavelength associated with electrons of the appropriate energy, by the following 
equation: 
 
hkl hklr d Lλ=  
 
where Lλ is the camera constant. The wavelength of electrons is related to the accelerating 
voltage by the following relationship: 
 
2 e
h
m eV
λ =  
where V is the accelerating voltage, e is the charge on the electron, me is the electron mass, and h 
is Planck’s constant. At an accelerating voltage of 200 kV, the electron wavelength is 0.025Å. 
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Experimental Methods                                                                                                         Chapter 3 
 
66 
 
3.10 Thermally Grown Oxide and Bond Coat and Thermal Barrier Coating 
Thickness Measurements 
The thickness of the different layers and the TGO have been measured on all samples. For the 
TBC and bond coat layers, due to the natural variation in the interfaces, it was necessary to take a 
line through the undulations in order to establish an arbitrary straight interface line. The lines 
were taken such that as far as practically possible the undulations were of equal number and size 
either side of the line. Images were taken at the same magnifications appropriate for the 
thickness, and 25 measurements were taken across each sample. The median values of the 
measurements were used for layer thicknesses. Measurements were also ranked from the lowest 
to the highest value in order to check on the spread of the values. 
 
In the case of the TGO thickness a slightly different method was utilised. Due to the varying 
oxide thicknesses across the short and long term aged samples, a suitable magnification for the 
oxide thickness was used. Six images were taken across a sample at random intervals and 20 
measurements were taken from each image, totalling 150 measurements for each sample. 
Measurements were made by drawing a line perpendicular to the oxide and measuring the length 
from top edge to bottom edge of the TGO where that line crossed. The geometry of the oxide was 
not taken into consideration. In the case of multiple oxides being present (i.e. spinel, chromia 
layers) the measurements were either split (in the NiCrAlY’s dual oxide layer case) or the part of 
the oxide not being considered was discounted (i.e. spinel formations in the Co containing 
samples). The median values of the measurements were used for TGO thickness and 
measurements were also ranked from the lowest to the highest value in order to check on the 
spread of the values. Figure 3.9 presents a schematic diagram of how the TGO measurements 
were taken. 
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Figure 3.9: Schematic of procedure used to measure the TGO thickness across a sample. 
 
3.11 Summary 
This chapter has presented and discussed the various techniques used in the detailed 
microstructural characterisation of several different MCrAlY bond coats on Ni-based superalloy 
substrates with a thermal barrier coating topcoat. Thermodynamic equilibrium calculations have 
been used in order to predict the amount and chemical compositions of the phases that occur 
within the material at equilibrium, as a function of temperature, which in turn assists in phase 
identification. The majority of the microstructural characterisation was carried out by means of 
scanning electron microscopy (SEM). Energy dispersive X-ray analysis (EDS) was used in 
conjunction with the SEM to determine the composition of the various phases present to aid in 
identification. Electron backscatter diffraction (EBSD) was also used in conjunction with EDS to 
enable phase mapping of the systems. A dual beam focussed ion beam scanning electron 
microscope (FIBSEM) was used to produce site specific samples for high resolution analysis. 
This procedure enabled the extraction of site specific samples within the complex oxide layers 
where techniques such as thin foils would have failed. Consequently detailed high resolution 
analysis of the oxides formed has been possible along with identification of particles with the 
combined use of selected area electron diffraction (SAED) and EDS analysis within the 
transmission electron microscope (TEM). The results of the detailed characterisation are 
discussed in Chapters 5-8. Chapter 9 covers in depth analysis of the oxide formations on all bond 
coat systems and Chapters 10-11 discuss the effects of processing parameters and thermal cycling 
on selected systems. 
TBC 
TGO 
Bond 
Coat 
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Chapter 4 
4                    Microstructural Modelling 
4.1 Introduction 
This chapter details the modelling work that was carried out for all of the bond coat systems. The 
software package Metallurgical and Thermochemical Databank (MTDATA) version 4.74, which 
is developed by the National Physical Laboratory (NPL)[62], was used to carry out equilibrium 
thermodynamic calculations. This was used in conjunction with a Ni-superalloy database[63]which 
contains the relevant thermodynamic coefficients. A multi-component diffusion model capable of 
simulating the evolution in microstructure of a coated Ni-based superalloy system (developed in 
parallel with this research as a predictive tool for assessing microstructural evolution) was used 
for predicting the changes in concentration and phase stability across the coated superalloy 
system after ageing. 
4.2 Equilibrium Thermodynamic Calculations 
MTDATA was used in order to gain an idea of phase stabilities and the effect of changing 
compositions on the phases. Thermodynamic calculations have been conducted for both the 
substrate and bond coat materials. The calculations can be split into two different sections; phase 
stabilities and isopleth experiments. The phase stability plots show the phase structures over the 
temperature ranges that would be seen at equilibrium in an operational environment and the 
relevant phase compositions. Isopleth experiments have been used to show the effect of changing 
the Ni and Co content on the predicted phase structure of the bond coat. 
4.3 Phase Stability Maps 
Utilising MTDATA’s multiphase mode enables the production of stability maps for multiple 
phases in a material over a temperature range. Stability maps for all bond coats and the substrate 
were performed and are detailed in the following sections. Compositions for the coatings and 
substrate can be found in Chapter 3, Section 3.2 
4.3.1 IN738 
The phase map for IN738 (chemical composition shown in Chapter 3, Section 3.2, Table 3.1) 
showing the dominant phases over the temperature range 500-1500°C can be seen in Figure 4.1. 
At low temperatures the dominant phases are an almost even mix of gamma and gamma prime, 
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with smaller amounts of carbides (M23C6, MC) and sigma phase present. As the temperature 
increases M23C6 carbide is relatively stable up to ~ 1000°C before dropping off and MC carbide 
becoming dominant. The gamma and gamma prime phases swap over at ~ 650°C with the 
gamma prime declining with temperature and the gamma increasing until at ~1150°C gamma is 
at almost 100%. Looking at the two temperatures of interest (940°C and 975°C, representative of 
service temperatures) there are three dominant phases, gamma, gamma prime and the carbide 
M23C6. At the temperatures of interest there is a larger percentage of gamma present than gamma 
prime which increases with the temperature, and the carbides stay at a similar level between the 
two temperatures. Phase amounts and compositions can be seen in Tables 4.1 and 4.2. 
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Figure 4.1: MTDATA predicted phase map for an IN738LC substrate. 
 
Temperature Phase 
940°C 975°C 
Gamma 37.6 34.6 
Gamma Prime 58.7 61.8 
M23C6 2.7 2.7 
Table 4.1: Predicted phase amounts for substrate IN738 at 940°C and 975°C, wt%. 
Composition 
Phase 
Ni Cr Al Co Mo W Ti Ta Nb C 
Gamma 60.0 22.0 2.0 10.0 2.0 3.0 1.0 1.0 0.0 0.0 
Gamma Prime 74.0 3.0 6.0 5.0 0.0 1.0 7.0 3.0 1.0 0.0 
M23C6 8.0 66.0 0.0 3.0 15.0 3.0 0.0 0.0 0.0 5.0 
Table 4.2: Predicted composition of phases at 940°C, wt%. 
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4.3.2 NiCoCrAlY 
The phase map for the NiCoCrAlY (CT103, chemical composition shown in Chapter 3, Section 
3.2, Table 3.3) coating showing the dominant phases over the operational temperature range can 
be seen in Figure 4.2. The map shows that whilst beta is present throughout the temperature range 
there is a point where gamma and gamma prime switch over at just below 800°C. The sigma 
phase is present in large quantities at lower temperatures (just over 20%) which decreases as the 
temperature increases. At the two temperatures of interest (940°C and 975°C, representative of 
service temperatures) the structure is a large beta proportion with smaller gamma and sigma 
amounts. The beta amount is similar between the two temperatures with the gamma increasing 
slightly and the sigma dropping to zero. The relative phase amounts and compositions can be 
seen in Table 4.3. 
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Figure 4.2: MTDATA predicted phase map for a NiCoCrAlY bond coat. 
Composition (wt.%) Phase Phase amount at 940°C (%) Ni Co Cr Al 
Beta (β) 70.7 54.4 18.7 9.75 17.1
Gamma (γ) 26.6 34.8 30.0 31.8 3.3 
Sigma (σ) 2.7 9.4 29.9 60.7 0.0 
 Phase amount at 975°C (%)     
Beta (β) 68.9 54.2 18.5 10 17.3
Gamma (γ) 31.1 34.3 29.7 32.5 3.5 
Sigma (σ) 0 0 0 0 0 
Table 4.3: Predicted phase amounts and compositions for a NiCoCrAlY bond coat at 940°C and 975°C. 
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4.3.3 NiCrAlY 
The phase map for the NiCrAlY (Ni211, chemical composition shown in Chapter 3, Section 3.2, 
Table 3.3) coating showing the dominant phases over the operational temperature range can be 
seen in Figure 4.3. A very different phase structure is present from that in the NiCoCrAlY bond 
coat. Instead of the gamma, beta structure over the whole range the NiCrAlY shows that in fact a 
gamma prime, α-Cr, beta structure is present at lower temperatures, and a gamma, beta structure 
at higher temperatures.  
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Figure 4.3: MTDATA predicted phase map for NiCrAlY bond coat. 
 
A sharp transition between these two different structures occurs at approximately 980°C which 
has implications for this composition of bond coat under operational conditions. The temperature 
of interest (940°C, representative of service temperatures) is within the lower region and is 
therefore made up of gamma prime, alpha-Cr and beta. The gamma prime amounts between the 
940°C and 975°C are similar with alpha-Cr levels decreasing with increased temperature and the 
beta levels doing the opposite. This phase map may suggest that the Co in the NiCoCrAlY system 
is stabilising the beta phase at lower temperatures. The relative phase amounts and compositions 
can be seen in Table 4.4. 
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Composition (wt.%) Phase Phase amount at 940°C (%) Ni Cr Al 
Beta (β) 13.2 73.1 9.7 17.2 
Gamma Prime (γ′) 79.6 78.4 10.6 11 
Alpha Chromium (α-Cr) 7.2 2.6 97.4 0 
Table 4.4: Predicted phase amounts and compositions for a NiCrAlY bond coat at 940°C. 
4.3.4 CoCrAlY 
The phase map for the CoCrAlY (Amdry 920, chemical composition shown in Chapter 3, Section 
3.2, Table 3.3) coating showing the dominant phases over the operational temperature range can 
be seen in Figure 4.4.  
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Figure 4.4: MTDATA predicted phase map for CoCrAlY bond coat. 
The CoCrAlY structure is similar to those seen in the NiCoCrAlY and CoNiCrAlY with a beta, 
gamma structure. Again, although the trends are similar, the actual phase amounts differ greatly. 
Sigma is present in a much higher proportion at lower temperatures and there is more present at 
the two temperatures of interest. At the temperature of interest (940°C, representative of service 
temperatures) the amount of gamma increases steeply with the temperature whilst the beta is 
dropping slightly. There is a small amount of sigma predicted. The relative phase amounts and 
compositions can be seen in Table 4.5. 
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Composition (wt.%) Phase Phase amount at 940°C (%) Co Cr Al 
Beta (β) 32.8 70.0 16.0 14.0 
Gamma (γ) 60.7 65.0 33.0 2.0 
Sigma (σ) 6.5 46.0 54.0 0.0 
Table 4.5: Predicted phase amounts and compositions for a CoCrAlY bond coat at 940°C. 
4.3.5 CoNiCrAlY 
The phase map for the CoNiCrAlY (LC022/CT102, chemical composition shown in Chapter 3, 
Section 3.2, Table 3.3) coating showing the dominant phases over the operational temperature 
range can be seen in Figure 4.5.  
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Figure 4.5: MTDATA predicted phase map for CoNiCrAlY bond coat. 
The CoNiCrAlY phase structure is similar to the other cobalt containing bond coat systems. 
However, whilst the CoNiCrAlY shows the same general trends i.e. gamma and gamma prime 
swapping at a certain temperature (~575°C in this case), the actual phase amounts vary 
significantly. Above ~780°C the dominant phase is gamma, whereas in the NiCoCrAlY it is beta. 
The sigma phase is present in large quantities at lower temperatures, but decreases as the 
temperature increases. At the temperature of interest (940°C, representative of service 
temperatures) the structure is a large gamma proportion with smaller amounts of beta. No sigma 
is predicted at this temperature. The relative phase amounts and compositions can be seen in 
Table 4.6. 
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Composition (wt.%) Phase Phase amount at 940°C (%) Co Ni Cr Al 
Beta (β) 35.9 31.1 43.2 9.0 16.7 
Gamma (γ) 64.1 43.4 25.7 27.7 3.2 
Sigma (σ) 0.0 0.0 0.0 0.0 0.0 
Table 4.6: Predicted phase amounts and compositions for a CoNiCrAlY bond coat at 940°C. 
 
For comparison purposes, Figure 4.7 shows the phase stability maps for all four bond coats. 
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Figure 4.6: Comparison of the various compositions seen in the bond coat materials (a) NiCoCrAlY, (b) NiCrAlY bond coat, (c) CoCrAlY bond coat and (d) CoNiCrAlY 
bond coat. 
(c) (d)
(a) (b)
NiCoCrAlY 
NiCrAlY 
CoCrAlY CoNiCrAlY 
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4.4 Isopleth/Compositional changes 
The phase stability maps shown in Sections 4.3.1-4.3.4 show that there is quite a difference in the 
equilibrium phase structure between the differing composition bond coats. Although the biggest 
change is from the NiCrAlY to the cobalt containing bond coats there are also subtle changes 
within the cobalt containing bond coats as well. The gamma (FCC_A1) and beta (B2_BCC) 
phases in the NiCoCrAlY, CoCrAlY and CoNiCrAlY coatings alter quite significantly, swapping 
from a coating containing a high proportion of beta to a high proportion of gamma. The sigma 
content is also quite variable, with the CoCrAlY predicted to contain a large amount at low 
temperatures compared to the other two coatings. From the phase stability maps, a conclusion 
that could be drawn is that the Co is stabilising the beta phase, therefore further modelling was 
undertaken varying the composition and temperature to examine this.  
 
The program MTDATA has an isopleth function, which allows a phase map to be plotted over 
both a composition and temperature range. Therefore phase maps were created showing the 
difference in phase composition with altering Co content over the operational temperature range. 
The aluminium and chromium content was kept the same, varying just the nickel and cobalt from 
0% up to the major balancing element. The isopleths show that increasing the Co content does 
indeed have a large effect on the phase stabilities (see Figure 4.7). As the Co is increased the beta 
(B2_BCC) phase is stabilised but it also increases the amount of Cr-rich phases (BCC_A2) and 
stabilises them to higher temperatures as well. The Co content also affects the more minor 
phases, at low Co contents there is alpha-Cr (BCC_A2) present but at higher contents there is 
sigma formation. Altering the minor elements also has an effect on the phase stabilities. 
Increasing the Cr seems to give a rise in sigma phase formation, whereas increasing the Al 
stabilises the gamma prime phase instead. 
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Figure 4.7: Isopleth plot showing the effect of changing Ni and Co content for Al and Cr contents of Al 
10, Cr 20 (a) and Al 8 Cr 22 (b).  
(a) 
(b) 
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4.5 Combined Thermodynamic and Kinetic Coupled Model 
A one dimensional model to predict the concentration profiles associated with the oxidation and 
interdiffusion in superalloys has been developed in a parallel project. This model is designed to 
act as a time temperature recorder, to allow the prediction of the effective operating temperature 
of a component and as a result (in combination with other information such as operating stress) 
estimate its remaining life in service. Finite difference techniques (F-D) techniques have been 
implemented in order to deal with the complexities of this problem. A brief description of the 
model is included here for completeness, and a more in depth explanation of the model can be 
found in[64]. The model has been used in this work purely to compare the predicted results with 
what is seen experimentally. 
4.5.1 Model Explanation 
4.5.2 Diffusional Model 
The diffusion of a species for a multicomponent system (with n elements), can be mathematically 
described by Fick’s First Law of Diffusion[71][72]: 
 
 
 
where i and j are diffusing components and Ji is the flux of diffusing element i. nijD
~  is the 
interdiffusion coefficient matrix and is expressed in relation to solvent n, in this case the substrate 
element is Ni and Cj is the concentration of element j. The time dependent concentration of a 
species is given by Fick’s second law of diffusion: 
 
 
 
where x and t are distance and diffusion time respectively. Taking concentration dependent 
coefficients NijiD ,
~   into account this equation can be expanded: 
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4.5.3 Oxidation Model 
Relatively few studies into the oxidation kinetics of bond coat materials are available and 
therefore in the absence of a model and data specific for the coating being investigated, the model 
proposed by Meier et al. for a Ni-Co-Cr based bond coat was used[71]. The model assumes that Al 
and Cr are being oxidised at the coating surface. The oxidation behaviour of Cr was assumed to 
be similar to that of Al, however, as no experimental and/or physical based models for Cr 
oxidation were available an arbitrary factor of 0.4 (the ratio of Cr flux to Al flux at the oxidation 
interface) was used. The diffusion of elements within the oxide is not considered in the current 
model. For isothermal oxidation, the boundary condition at the oxide/coating interface is given as 
the rate of Al and Cr consumption, where the thickness δ of the oxide scale in µm is given by  
 
           
 
where Q is a constant and equal to 27777.4, T is the temperature in Kelvin, T0 is 2423.7 K, t is 
time and n is equal to 0.332. For the rate of change of oxide thickness,δ& the first derivative was 
taken: 
 
  
               
 
Following a similar approach proposed by Nesbitt et al.[73] and Lee et al[72] the rate of change of 
oxide scale thickness can be used to calculate the Al atomic flux in the coating, which was used 
as a boundary condition in the diffusion model. The Al flux away from the oxide/coating 
interface can be determined by the following equation: 
                        
 
where ψ represents the position of the interface, δ& is the rate at which the oxide grows, oxρ  is the 
density of the oxide and r is the ratio of atomic weight which for Al2O3 is equal to 
1242708.132 =OAl aa . This flux of Al is equal to the diffusional flux of Al in the coating 
towards the interface.  
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4.5.4 Diffusion Coefficients 
The diffusion model is based on the binary interdiffusion coefficient of each element with Ni. 
However the cross interdiffusion coefficients are only available for a limited number of ternary 
systems and are generally an order of magnitude smaller than the major coefficients, therefore 
they were ignored in this work. Where available, reliable concentration dependant binary data 
was incorporated into the model in terms of activation energies and frequency factors as 
polynomial functions of concentration. For the γ phase, binary interdiffusion data are available 
for all the elements used in the current simulations. For elements where reliable data are 
unavailable the diffusion coefficient was assumed to be a fraction f of its coefficient in the γ 
phase,  
                                 
 
where f = 0.05. 
4.5.4.1 Diffusion in γ Phase 
The interdiffusion coefficient D~  obeys the Arrhenius relationship as follows: 
 
            
 
where Q, 0
~D , R and T are the activation energy, frequency factor, universal gas constant and 
absolute temperature respectively. Where data were available, the concentration dependence of 
D~  in the γ-Ni phase was modelled by fitting a third degree polynomial derived from the 
Arrhenius relationship to the 0
~ln D  and Q terms: 
                          
 
The polynomial parameters representing 0
~ln D  and Q are given in Table 4.7, the polynomial 
parameters correspond to the following expressions: 
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where Ci represents the concentration of element i in atomic-fractions. It should be noted that for 
C and Cr, reliable concentration data do not exist for the temperature range considered in the 
simulations and therefore, concentration independent diffusion coefficients were used in these 
cases[64]. 
4.5.4.2 Diffusion in the γ′ Phase 
For Al diffusion in the γ ′ phase, the Arrhenius coefficients were determined by fitting a second 
degree polynomial to Arrhenius parameters provided by Ikeda et al[75]. The polynomial 
expressions for the frequency factor D0 in m2s-1 and activation energy Q in kJmol-1 are given by 
the following expressions[75]: 
 
                     
 
          
 
The concentration independent Arrhenius parameters (Q and D0) for Co and Cr were taken from 
data by Minamino et al.[75], whereas for Ti, data published by St. Frank et al were used[75]. The 
values for the parameters used for Co, Cr and Ti are presented in Table 4.7. 
 
Element Activation energy Q (kJ/mol) Frequency factor 0
~D (m2/s) 
Co 325.0 4.2 x 10-3 
Cr 366.0 1.10 x 10-1 
Ti 424.6 8.59 x 10-1 
Table 4.7: The Arrhenius parameters Q and D0 for a number of diffusing elements in the γ′ phase. 
4.5.4.3 Diffusion in the β Phase 
In the case of the β phase, reliable data exists only for Al and at concentrations C > 0.48 at.%. 
The concentration dependence Arrhenius parameters for C > 0.48 at.% were therefore modelled 
by fitting a third order polynomial to the data reported by Wei et al.[76] and these are given by the 
following pair of equations: 
 
                   
        
 
4.675301000~log 2010 −+−= CCD
93037505000 2 +−= CCQ
7.32999194221380687248416~ln 230 −+−= CCCD
( ) 923 10349333.006112.204333.463889.2 ×−+−= CCCQ
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However, for Al concentrations C < 0.48 at.%, data published by Nakamura et al. [77]were applied 
with following expressions derived by polynomial regression: 
 
                 
 
              
4.5.5 Model Predictions 
Calculations were run using a CoNiCrAlY bond coat composition (CT102, detailed in Chapter 3, 
Section 3.2, Table 3.3). The bond coat thickness assumed was ~200 µm. 
 
The concentrations, and in turn the phases, at the outer surface which is being oxidised are very 
dependent on the parameters within the oxidation model. The results are affected by which 
elements are allowed to oxidise, which in turn affect the phase stability. Initially the model was 
run allowing only Al to oxidise, consistent with previous work. Figures 4.8 to 4.11 show how the 
phase structure is predicted to develop in this situation across the coating as the ageing time 
increases from 0 h to 10,000 h. 
 
At 0 h (see Figure 4.8) the phase structure is predicted to be consistent throughout the bond coat, 
however after ageing for relatively short periods of time (100 h, see Figure 4.9) big changes in 
the phase distribution can be seen. A localised reduction in the beta phase can be seen at the bond 
coat/TBC interface and the bond coat/substrate interface, with a corresponding increase in the 
gamma phase. As ageing further increases through 2,000 h (see Figure 4.10) and 10,000 h (see 
Figure 4.11), this reduction in the beta phase begins to move further into the bond coat. The beta 
reduction at the bond coat/TGO interface begins to level off as ageing times increase; however 
the extent of the beta reduction at the bond coat/substrate interface increases. After 10,000 h there 
is a much smaller amount of the beta phase left, and a large gradient. The model also suggests 
that gamma prime starts to appear in the bond coat from early on (100 h) at the bond 
coat/substrate interface and then progresses into the bond coat as ageing times increase until after 
10,000 h it is present throughout the bond coat, albeit with a large gradient between bond 
coat/TGO interface and bond coat/substrate interfaces. Whilst there is a localised reduction in the 
beta phase at the bond coat/TGO interface there is no depletion of the phase as seen in the 
432.75965.50327.1096225.7890~ln 230 +−+−= CCCD
( ) 823 1013397.096807.802987.251515.1 ×−−+−= CCCQ
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experimental samples. There is, however, a depletion predicted at the bond coat/substrate 
interface which is seen experimentally. 
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Figure 4.8: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat during 
ageing showing after ageing at 940°C for 0 h. 
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Figure 4.9: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat during 
ageing showing after ageing at 940°C for 100 h. 
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Figure 4.10: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat 
during ageing showing after ageing at 940°C for 2,000 h. 
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Figure 4.11: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat 
during ageing showing after ageing at 940°C for 10,000 h. 
 
 
The combined thermodynamic and kinetic coupled model was also used to predict composition 
profiles at the bond coat/TBC interface over time. Figure 4.12 shows the Al, Cr and Co traces at 
940°C. A substantial drop in the Al concentration at the interface is seen in the very early stages 
(approximately the first 10 hours) of ageing which then begins to re-stabilise. This would suggest 
that a large outward diffusion of Al is present in the initial stages of ageing (to form the thermally 
grown oxide), however aluminium eventually increases and reaches a steady state whereby 
consumption at the interface is matched by supply of Al via diffusion through the coating. In 
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these first calculations neither chromium nor cobalt are assumed to be consumed by the model, 
and therefore they accumulate at the interface in the early stages (approximately the first 10-20 
hours) of ageing. As ageing time increases, both chromium and cobalt begin to decrease towards 
their initial level, with the chromium appearing to decrease at a faster rate than the cobalt. 
 
 
 
(a) 
 
(b)  
 
(c) 
Figure 4.12: Predicted chemical composition traces at the bond coat/TGO interface ageing at 940°C 
showing the change in element composition with time for (a) Al, (b) Cr, and (c) Co.  
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The oxidation model was then subsequently modified to allow all three of Al, Cr and Co to 
oxidise. There is little information in the literature about their respective oxidation rates in a 
multiphase alloy system and therefore rates for Cr and Co were determined as a proportion of the 
rate for Al. Figures 4.13 to 4.16 show how the phase structure is predicted to develop across the 
coating as the ageing time increases from 0 h to 10,000 h.  
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Figure 4.13: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat 
during ageing showing after ageing at 940°C for 0 h. 
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Figure 4.14: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat 
during ageing showing after ageing at 940°C for 100 h. 
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Figure 4.15: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat 
during ageing showing after ageing at 940°C for 2,000 h. 
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Figure 4.16: Predictions of the behaviour of the phase distributions through a CoNiCrAlY bond coat 
during ageing showing after ageing at 940°C for 10,000 h. 
 
It can be seen that by changing which species are allowed to oxidise and their respective rates in 
the model the phase predictions across the bond coats are very different. The starting phase 
distribution at 0 h (see Figure 4.13) is the same as before. However, as ageing progresses through 
100, 2,000 and 10,000 h (Figures 4.14, 4.15 and 4.16 respectively), a depletion of beta coat is 
seen at both the bond coat/substrate and bond coat/TGO interfaces. The beta depletion seen at the 
bond coat/TGO interface is much more representative in this case of the behaviour seen in the 
experimental samples (Chapter 8). The beta depletion predicted by the model is above that which 
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is seen experimentally, however due to a lack of data on the oxidation of Cr and Co for the 
model, Al, Cr and Co are assumed to oxidise at the same rate, which is not likely to be the case in 
the experimental samples. It is therefore important to further develop the oxidation model for 
these types of coatings to allow more accurate prediction of the microstructural evolution with 
time. 
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(c) 
Figure 4.12: Predicted chemical composition traces at the bond coat/TGO interface ageing at 940°C 
showing the change in element composition with time for (a) Al, (b) Cr, and (c) Co.  
 
As previously, the combined thermodynamic and kinetic coupled model was also used to predict 
composition profiles at the bond coat/TBC interface over time. Figure 4.17 shows the Al, Cr and 
Co traces at 940°C. Because the model has been modified to allow Al, Cr and Co, to oxidise a 
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substantial drop in the concentration of all three is seen in the very early stages (approximately 
the first 10 hours. This suggests a large outward diffusion of all three elements in the initial 
stages (to for the TGO), however all three eventually increase and reach a steady state whereby 
consumption at the interface is matched by the supply of Al, Cr and Co via diffusion through the 
coating.  
4.6 Summary 
The thermodynamic calculations have given a prediction of the phase stabilities at the 
temperatures expected of an industrial gas turbine blade in service. The predictions have 
suggested that the IN738 substrate will contain three phases; gamma, gamma prime and the 
carbide M23C6. The predictions have suggested that three of the four bond coat compositions 
should posses the same basic phase structures. The NiCoCrAlY, CoCrAlY and CoNiCrAlY 
coating predictions all show a gamma, beta and sigma structure at the temperatures of interest. 
There are variations between the three bond coat systems, the most noticeable being the 
difference in the gamma, beta proportions between the NiCoCrAlY and the 
CoCrAlY/CoNiCrAlY coatings. The predictions also suggest that the NiCrAlY bond coat will 
have a completely different phase structure at the temperatures of interest. The NiCrAlY is 
predicted to have a gamma prime, beta and alpha-Cr phase structure present. For all of the bond 
coat systems the predicted phase amounts and compositions have been calculated. The phase 
stability maps highlighted a large difference in the phase stabilities between the Co containing 
bond coats and the NiCrAlY coating. It appeared that the Co may have been stabilising the β 
phase in the coating. Therefore isopleth calculations were undertaken (varying the temperature 
and composition). These showed that the cobalt was indeed stabilising the β phase but also 
increasing the amount of Cr rich phases as its proportion increased. The Co was also seen to be 
altering some of the more minor phases. For example, at low concentrations alpha-Cr is present 
whereas at high concentrations, sigma is more likely. The isopleths also highlighted the effect the 
Al and Cr content can have, with increasing Cr appearing to give increase the amount of sigma 
whereas increasing Al, stabilises the gamma prime phase. 
 
The combined thermodynamic and kinetic coupled model predicts that as ageing increases there 
are substantial changes in the phase structure across the coating. In the case where the model only 
assumes that Al oxidises, a simple reduction in the amount of the beta phase is seen at the bond 
coat/TGO interface rather than a depletion. However, if Cr and Co are oxidised then a depletion 
of the beta phase is seen at the outer surface, which is more representative of what is seen 
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experimentally. A depletion of the beta phase is also seen at the bond coat/substrate interface. 
Both of these depletion zones increase in size as ageing times increase. As the beta phase is 
depleted a corresponding rise in the gamma phase is seen. Gamma prime is also predicted to start 
to form in the bond coat with a sharp gradient across the coating ranging from high at the bond 
coat/substrate interface and low at the bond coat/TGO interface. Compositional traces at the bond 
coat/TGO interface predict that ageing at 940°C results in a sharp drop decrease in Al at the 
interface after short ageing times (due to the outward Al diffusion), however, as ageing times 
increase, diffusion from the bulk of the bond coat begins to replenish the Al at the interface 
bringing the level back up towards its initial level. Where chromium and cobalt are oxidised, a 
similar behaviour is seen. Where they are not assumed to oxidise an initial increase is seen and 
concentration levels drop back down towards their initial level as homogenisation occurs between 
the coating and substrate as ageing times increase. 
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Chapter 5 
5 Microstructural Analysis of a NiCoCrAlY Bond Coat 
System 
 
5.1 Introduction 
It has been shown in previous work that there are several factors affecting the behaviour of 
MCrAlY coatings under service conditions. The parameters during deposition of the MCrAlY 
bond coat, for example, can have a significant effect on the system. Surface roughness can affect 
the oxidation behaviour[39][40], stress development[39][40][78] and even breakaway oxidation[41]. The 
MCrAlY coating composition will also have a considerable effect upon the coating performance. 
Changing the composition can help tailor the coating to its environment (e.g. for corrosion 
resistance) but altering its composition can also completely change the phase structures at the 
temperatures of interest (as illustrated in Chapter 4). The starting composition and phase structure 
will affect how the coating develops in service, especially with regard to oxide formation and 
therefore it is important to quantify the differences between different coating compositions. 
 
This and the subsequent three chapters describe the effects of different MCrAlY coating 
compositions and bond coat parameters with regard to the microstructural evolution within a 
coating system. Each chapter will examine a different MCrAlY composition (see Chapter 3, 
Section 3.1 for coating specifications). Within each bond coat chapter thermodynamic modelling 
is discussed with reference to the starting phase structure at the temperatures of interest, which is 
also then compared with experimental data. The microstructural evolution of the bond coats has 
been analysed as a function of several heat treatments, both short and long term, at representative 
service temperatures. Analysis has been undertaken using a range of techniques, including 
scanning electron microscopy (SEM), energy dispersive x-ray analysis (EDS), electron 
backscatter diffraction (EBSD), scanning transmission electron microscopy (STEM) as well as 
TGO thickness measurements. 
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5.2 Microstructural Modelling 
In order to gain an idea not only of which phases should be expected at the temperatures of 
interest, but also their amounts and chemical compositions, thermodynamic modelling was 
carried out using MTDATA. Figure 5.1 shows the phase stability over a temperature range of 
500-1400°C. Two temperatures were chosen to examine in detail (940°C and 975°C) as these are 
representative of service temperatures. The phase stability plot shows that at low temperatures 
there is a high level of beta with lower amounts of gamma prime and sigma, whereas at higher 
temperatures gamma and beta are the dominant phases (with higher beta levels).  
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Figure 5.1: MTDATA predicted phase map for a NiCoCrAlY bond coat. 
 
At the temperatures of interest gamma, beta and small levels of sigma are present. The results of 
the multiphase calculations at the temperatures of interest can be seen in Table 5.1, which shows 
the phase amounts and compositions. A similar phase structure is present at both temperatures 
with only small changes in phase amount. The phase composition also alters only slightly. 
 
 
 
 
Microstructural Analysis of a NiCoCrAlY Bond Coat                                                         Chapter 5 
93 
 
Composition (wt.%) Phase Phase amount at 940°C (%) Ni Co Cr Al 
Beta (β) 70.7 54.4 18.7 9.75 17.1
Gamma (γ) 26.6 34.8 30.0 31.8 3.3 
Sigma (σ) 2.7 9.4 29.9 60.7 0.0 
 Phase amount at 975°C (%)     
Beta (β) 68.9 54.2 18.5 10 17.3
Gamma (γ) 31.1 34.3 29.7 32.5 3.5 
Sigma (σ) 0 0 0 0 0 
Table 5.1: Predicted phase proportions and compositions for a NiCoCrAlY bond coat at 940°C and 
975°C. 
 
In order to compare the thermodynamic predictions with the experimental samples, EBSD was 
used for phase identification (analysing diffraction patterns caused by backscattered electrons 
diffracted by lattice planes) and EDS was used in order to determine phase compositions. The 
EBSD map can be seen in Figure 5.2. This map has been produced using ChI scan, therefore the 
β phase has been additionally discriminated using the difference in aluminium content with the 
matrix. The map was carried out on a sample aged for 2,000 h at 940°C. The map shows a two 
phase coating with β and γ present. The γ grains are interconnecting to form the matrix with the β 
phase as secondary grains. There appears to be a slightly more β grains in the map compared to γ; 
no sigma phase was found.  
 
    
(a)                 (b) 
Figure 5.2: EBSD Map of a NiCoCrAlY bond coat at 940°C showing (a) phase map and 
(b) EDS map for Al 
 
To compare the thermodynamic predictions, EDS measurements were made from individual 
phases. Measurements were made on 20 separate grains of each phase and the results averaged. 
Min Max  Gamma 
 Beta
15 µm 
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Table 5.2 presents the results for the sample aged for 2,000 h at 940°C. There is a reasonable 
correlation between the two, though the Ni and Al readings from the EDS are a little high 
compared to the thermodynamic calculations and the Co and Cr are a little low. The β phase is 
characterised by ~7wt% Cr and 17wt% Al, whereas the γ phase contains more Cr (~22wt%) and 
significantly less Al (~6wt%). 
 
Composition (wt.%) → 
Source Data Phase 
Al Cr Co Ni Y 
Gamma (γ) 3.3 31.8 30.0 34.8 0.0 Thermodynamic 
Calculations Beta (β) 17.1 9.75 18.7 54.4 0.0 
Gamma (γ) 6.0 ±0.12 21.7 ±0.1 25.3 ±0.07 46.3 ±0.21 0.6 ±0.51EDS Spot 
Measurements Beta (β) 16.9 ±0.12 7.3 ±0.02 13.7 ±0.07 61.4 ±0.32 0.5 ±0.45
Table 5.2: Comparison of predicted and measured phase compositions for a NiCoCrAlY 
sample aged for 2,000 h at 940°C 
5.3 As-Received Condition 
An ‘as-received’ sample is a sample that has undergone the spraying process and then received a 
solution heat treatment (for the Ni-superalloy substrate) but has not undergone any further heat 
treatments. The NiCoCrAlY samples feature a key coat that is sprayed between the bond coat and 
the TBC. The key coat is essentially the same composition as the bond coat but is sprayed with a 
larger particle size in order to increase the surface roughness to try and improve the adhesion of 
the TBC via increasing the mechanical keying. Figure 5.3 shows an overview of the system 
detailing the various different layers and shows the increased surface roughness of the key coat 
over the bond coat.  
 
  
   (a)       (b)  
Figure 5.3: Backscatter electron images of a NiCoCrAlY bond coat, in as-received condition at various 
magnifications (a)-(b) 
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By analysing the samples using backscattered imaging it is possible to gain excellent phase 
contrast of the two phase structure within the bond coat and key coat. The TBC has an extensive 
crack network present as well as some voids. It is a possibility that some of these voids are purely 
down to pullout during mechanical polishing, however, there is still substantial porosity within 
the TBC. Figure 5.4 shows chemical composition maps of the as-received sample. There is a 
phase high in aluminium which sits in a matrix high in Ni, Co and Cr. There is no apparent oxide 
at the key coat/TBC interface. 
 
EBSD analysis was used to examine the grain structures of the various layers in more detail (see 
Figure 5.5). The bond coat and key coat grain sizes can be seen to be variable with both layers 
being somewhat inhomogeneous (see Figure 5.5). Some of the γ grains display twinning. The key 
coat is approximately 30-40 μm thick whereas the bond coat is approximately 250 μm thick. 
 
   
        Analysis Area                                        Al                                                    Co 
  
Cr            Ni 
Figure 5.4: EDS map of a NiCoCrAlY bond coat, in as-received condition showing an overview of the 
system 
 
The grain structure in the TBC is enormously heterogeneous (see Figure 5.5) with a variable and 
complex grain structure. There is quite a high level of porosity present in the form of both pores 
and relatively large cracks between the splat boundaries. The grain size in the TBC is extremely 
variable with grains ranging from sub micron to ~30 μm in size. There is no oxide visible at the 
key coat/TBC interface. Figure 5.6 shows the EDS maps taken simultaneously with the EBSD 
which were used for phase discrimination of the γ, β and the thermal barrier coating. 
20 µm 
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Figure 5.5: Image Quality/Inverse Pole Figure Map of a NiCoCrAlY bond coat in as-received condition 
showing an overview of the TBC/Bond Coat/Key Coat region. 
TBC 
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Coat 
Bond 
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Min Max  
Figure 5.6: EDS map from EBSD scan for a NiCoCrAlY (Bond Coat and Key Coat) 2,000 h at 940°C 
showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO formed there. 
 
20 µm 
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5.4 Short Term Ageing at 940°C 
Samples were aged isothermally at 940°C in air and examined after 1 h, 10 h, 100 h and 200 h 
intervals. Figure 5.7 shows the evolution of the microstructure as the ageing time increases from 
the 1 h to 200 h ageing time. After ageing the samples, even for short time periods, significant 
microstructural change is apparent. After 1 h an aluminium rich oxide has formed at the key 
coat/TBC interface. This oxide is very thin (~ 0.6 µm) but is continuous throughout the sample. 
Minimal depletion of aluminium is seen in the key coat (Figure 5.7). As the ageing time is 
increased to 10 h, the aluminium depletion and oxide growth increase. The oxide layer in the 10 h 
sample is ~1 µm thick, with the resultant aluminium depletion zone increasing to ~8 µm in size. 
Precipitates are now apparent within the main body of the TGO. They appear to be distributed 
randomly throughout the TGO and are very small in size (sub micron). 100 h ageing time sees a 
further increase in both the oxide thickness and aluminium depletion zone. The TGO is now ~2.5 
µm in thickness with the aluminium depletion zone increasing to ~18 µm. Precipitates are still 
present in the TGO, albeit increased in number. After ageing for 200 h the oxide is still increasing 
in thickness, now ~3 µm, and the aluminium depletion zone has extended through the key coat 
and into the bond coat (~25 µm). The precipitates in the TGO have increased in both number and 
size, although due to their irregular nature it is difficult to quantify this increase.  
 
Chemical mapping of the samples illustrates the changes occurring in the system as ageing time 
increases. The aluminium map shows the depletion of Al from the interface and the 
corresponding depletion of the β phase. The aluminium oxide can also be seen to form and 
increase in size as ageing times increase. Due to the small size of the precipitates and the 
limitation of EDS in the SEM it is not possible to qualify the compositions of the precipitates. 
Figures 5.8 and 5.9 show EDS maps of the 1 h and 200 h samples respectively. After ageing for 
200 h there appear to be some small multi-oxide/spinel formations forming at the top edge of the 
TGO which appear to be a mixture of Co, Cr and Al. 
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Figure 5.7: Backscatter electron images of a NiCoCrAlY bond coat and the subsequent change after short 
term ageing at 940°C. 
(a) 
(b) 
(c) 
(d) 
1 h 
10 h 
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            Analysis Area        Al              Co  
   
                      Cr         Ni               O 
Figure 5.8: EDS map of a NiCoCrAlY bond coat after short term ageing at 940°C for 1 h. 
 
   
              Analysis Area            Al               Co  
   
                      Cr           Ni              O 
Figure 5.9: EDS map of a NiCoCrAlY bond coat after short term ageing at 940°C for 200 h. 
5.5 Long Term Ageing 
5.5.1 Long Term Ageing at 940°C 
The long term ageing samples have been aged for times of 2,000 h and 10,000 h. The samples 
aged at 940°C show a high degree of similarity with the short term ageing samples. Figure 5.10 
20 µm 
10 µm 
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shows a sample aged for 2,000 h at 940°C. The beta depletion zone has further progressed, 
moving from the key coat/bond coat interface into the bond coat layer. 
 
  
   (a)       (b) 
  
  (c)       (d) 
Figure 5.10: Backscatter electron image of a NiCoCrAlY bond coat, aged for 2,000 h at 940°C showing 
an overview of the microstructure (a) and higher magnification images of the main TGO, precipitates 
within the TGO and spinel/multi-oxide growth (b)-(d). 
 
The TGO layer is continuous and of a relatively consistent thickness throughout the sample. The 
precipitates seen in the late stages of the short term ageing are still apparent. They appear to have 
increased both in number and in size, however they still appear randomly distributed through the 
TGO with no clustering apparent. Furthermore the multi-oxide/spinel phases seen in the short 
term aged samples are again present. These formations have increased in both size and number, 
however they are still relatively sparse throughout the sample. These formations are in a similar 
position to those in the short term aged samples i.e. above the TGO. The TGO thickness has 
increased quite significantly from that seen in the short term aged samples, with the 2,000 h 
sample being ~5.5 µm and the 10,000 h sample being  ~12 µm in thickness. 
 
Oxide 
growth in 
TBC 
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Chemical composition maps (see Figure 5.11) show that the main TGO is still aluminium rich. 
The aluminium map also illustrates the outward aluminium diffusion to facilitate the TGO 
growth, with the depletion zone clearly visible underneath the TGO. The maps also show that the 
multi-oxide/spinel regions are rich in Cr, Co, Ni and Al. Due to the small size of the precipitates 
in the TGO and the resolution limitations of EDS in the SEM it is not possible to gain any 
chemical knowledge with regards to the precipitates, however more detailed work on the 
precipitates can be found in Chapter 9, Section 9.5.1 
 
   
          Analysis Area                    Al               O 
   
   Co           Cr               Ni 
Figure 5.11: EDS Map of a NiCoCrAlY bond coat after long term ageing for 2,000 h at 940°C, showing a 
multi-oxide region. 
 
EBSD mapping (see Figure 5.12) shows the grain structures of the various layers. The bond coat 
and key coat microstructures have changed significantly compared to the as-received samples. 
They have become considerably more homogeneous after ageing. The TGO grain structure is 
very small with the grain size generally being 1 µm or below in both the 2,000 h and 10,000 h 
samples. The TBC displays a complex and varied grain structure at both ageing temperatures. 
There are regions where the grain size is very small (considerably below 1 µm in some cases) but 
there are also much larger grain clusters where grain sizes are up to ~30 µm. Figure 5.13 shows 
the EDS maps taken simultaneously with the EBSD which were used for phase discrimination of 
the γ, β and the thermal barrier coating. 
 
20 µm 
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Figure 5.12: Image Quality + Inverse Pole Figure of a NiCoCrAlY bond coat after long term ageing for 
2,000 h at 940°C showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO. 
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Figure 5.13: EDS map from EBSD scan for a NiCoCrAlY (Bond Coat and Key Coat) 2,000 h at 940°C 
showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO formed there. 
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5.5.2 Long Term Ageing at 975°C 
The samples aged at 975°C show the same trends that have been identified in the 940°C samples. 
Both samples show very similar trends, a sample aged for 10,000 h at 975°C can be seen in 
Figure 5.14. The TGO is continuous and appears to be of a reasonably consistent thickness (~6.5 
μm at 2,000 h and ~11 μm at 10,000 h) and the precipitates within the TGO are present as well as 
multi-oxide/spinel formations at the TGO’s top edge. The precipitates are of an increased size 
and number than those seen in the short term ageing samples but don’t appear markedly different 
from the 940°C samples. Similarly the spinel/multi-oxide formations are of an increased size and 
extent to those seen in the short term ageing samples, however, they do not appear to have 
increased in size/number significantly compared to the samples aged at 940°C . 
 
  
   (a)       (b) 
  
   (c)       (d) 
Figure 5.14: Backscatter electron image of a NiCoCrAlY bond coat, after long term ageing for 10,000 h at 
975°C showing an overview of the microstructure (a) and higher magnification images of the main TGO, 
precipitates within the TGO and spinel/multi-oxide growth (b)-(d). 
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A chemical composition map of the 10,000 h at 975°C sample can be seen in Figure 5.15. Once 
again the main TGO is aluminium rich (and presumably alumina) and the beta depletion zone is 
again apparent in the aluminium map. The precipitates are too small to qualify however the 
spinel/multi-phase regions are similar to those in the 940°C samples, being rich in Cr, Co, Al and 
Ni.  
 
   
           Analysis Area          Al                                                O 
   
                     Co          Cr                Ni 
Figure 5.15: EDS Map of a NiCoCrAlY (Bond Coat and Key Coat) 10,000 h at 975°C, showing a bond 
coat ‘bubble’ particle with multi-oxide formation.  
 
EBSD mapping (see Figure 5.16) shows the grain structure of the various layers. As with the 
940°C samples there has been a homogenisation of the bond coat along with the aluminium 
depletion. The TGO shows the same characteristics as the 940°C samples with the grain size 
being relatively small (~1 µm). In addition the TBC is very similar with the same diverse grain 
structure, ranging from sub-micron size up to the tens of microns in size. Figure 5.17 shows the 
EDS maps collected simultaneously with the EBSD which used to further discriminate the 
phases. 
20 µm 
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Figure 5.16: Image Quality + Inverse Pole Figure of a NiCoCrAlY bond coat after long term ageing for 
2,000 h at 975°C showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO. 
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Figure 5.17: EDS map from EBSD scan for a NiCoCrAlY (Bond Coat and Key Coat) 2,000 h at 975°C 
showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO formed there. 
 
20 µm 
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5.6 TGO Thickness 
Measurements of the oxide growth have been made after each ageing step through from the short 
term to long term ageing. Measurements were taken at several regions for each ageing 
temperature (using the process described in Chapter 3, Section 3.10) and the results averaged. 
Figure 5.18 illustrates the change in oxide thickness through the various short and long term 
ageing times at 940°C. The graph shows that the oxide increases in thickness steadily through the 
short term tests (1 h-200 h) before increasing steeply as the ageing time increases. Several 
measurements were taken due to the variability of the oxide around the samples. 
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Figure 5.18: Graph showing the change in oxide thickness on a NiCoCrAlY bond coat after short and 
long term ageing at 940°C. 
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Figure 5.19: Graph showing the range of oxide thickness measurements on a NiCoCrAlY bond coat after 
short and long term ageing at 940°C. 
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The complete set of TGO measurements was taken and ranked from the lowest to the highest 
figure measured. Figure 5.19 shows this range of oxide thickness measurements taken across the 
940°C samples. There is quite a large variance across any given sample, which increases with the 
ageing time. 
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Figure 5.20: Graph showing the change in oxide thickness on a NiCoCrAlY bond coat after long term 
ageing at 940°C and 975°C. 
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Figure 5.21: Graph showing the range of oxide thickness measurements on a NiCoCrAlY bond coat after 
long term ageing at 940°C and 975°C. 
 
It may be expected that the samples aged at 975°C would produce a thicker oxide, which is not 
consistently the case (see Figure 5.20). However, due to the variable nature of the TGO itself 
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(both in thickness and its undulations) and the effect of this on the measurements it is more likely 
that the oxide thickness is comparable between the 940°C and the 975°C samples. Comparing the 
range of the oxide thickness measurements (see Figure 5.21) shows that the two ageing 
temperatures are also comparable. 
 
Using the oxide thickness measurements it is often possible to correlate the oxide growth to a 
particular oxidation growth rate. At high temperatures a combination of parabolic and linear 
oxidation is normal[14], with interface controlled kinetics (linear) during the initial stages, and 
diffusion limited (parabolic) after extended oxidation. By plotting the oxide thickness against 
time using the relevant rate equations (Chapter 2, Section 2.6.6) it can be possible to determine 
the rate of oxide growth. The NiCoCrAlY oxide thickness data were plotted using the linear and 
parabolic rate laws (Figures 5.22-5.23). Predicted oxide thicknesses from the combined 
thermodynamic and kinetic coupled model were also compared with the measured oxide 
thicknesses (Figure 5.24). Neither the linear or parabolic rate law seems to fit the NiCoCrAlY 
oxide thickness measurements, however both suggest that two different rates are seen between 
the short term and long term ageing. However, whilst these rate laws may hold true for a pure 
alumina scale the oxides forming on the NiCoCrAlY samples contain precipitates, there are 
multi-oxide regions incorporated into the TGO (although the larger of these regions were 
excluded from the measurements), and it is also possible that a mixture of growth due to outward 
cation and inward anion diffusion could be taking place. All this means that the growth rate for 
the oxide on the NiCoCrAlY sample is likely to be a mixture of several rate laws. 
 
Comparing the measured oxide thicknesses with that of the predictions from the combined 
thermodynamic and kinetic coupled model (Chapter 4, Section 4.5) shows that the predictions are 
relatively close to the experimental values. The graph showing the predicted oxide thicknesses 
also seems to show different rates for the short term and long term aged samples, similar to those 
seen in the experimental samples. 
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Figure 5.22: Graph showing oxide thickness versus time (linear rate law) for the NiCoCrAlY samples 
aged at 940°C. 
 
 
Figure 5.23: Graph showing oxide thickness squared versus time (parabolic rate law) for the NiCoCrAlY 
samples aged at 940°C. 
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Figure 5.24: Graph showing the predicted oxide thickness from the combined thermodynamic and kinetic 
coupled model, versus time for the NiCoCrAlY samples aged at 940°C. 
5.7 Discussion 
Equilibrium thermodynamic calculations suggest that at the temperatures of interest (940°C and 
975°C) the phases present should be gamma, beta and sigma. Combined EBSD/EDS, whereby 
the chemical composition is used to discriminate phases, has shown that the experimental 
samples correlate well with the predictions. No sigma phase is seen in the experimental samples. 
The measured and predicted chemical compositions correlate well, although the Ni and Al 
readings from the EDS are a little high compared to the thermodynamic calculations and the Co 
and Cr are a little low. However, as before it may be that the microstructure is not at equilibrium 
and therefore some deviation is to be expected. 
 
SEM analysis of an as received sample showed a dark phase in a light matrix, correlating with the 
EDS maps suggests this dark phase is beta and the light matrix gamma. EBSD analysis showed 
that the bond coat and key coat layers were very heterogeneous. The inhomogeneity of the two 
layers will in part be due to the spray process itself. The cooling rates as the molten splats of 
metal hit the surface and cool rapidly will vary therefore giving rise to this inhomogeneous 
structure, as will splats impacting at different size affecting the size and therefore cooling rate. 
The TBC layer shows a very inhomogeneous microstructure with a huge variance in grain size. 
As with the bond coat/key coat, the spray process itself is the most likely cause of the 
inhomogeneities. 
Microstructural Analysis of a NiCoCrAlY Bond Coat                                                         Chapter 5 
114 
 
Short term and long term aged samples have shown that an aluminium oxide forms very early 
(from 1 h) at the key coat/TBC interface. A corresponding depletion of aluminium, and therefore 
the β phase is also seen. At the low ageing times both the oxide and the depletion zone are small, 
due to minimal diffusion, however, as ageing times increase so does the oxide thickness and the 
depletion zone with the long term 2,000 h and 10,000 h samples showing thick oxides and large 
depletion zones. After 200 h precipitates and multi-oxide/spinel regions appear. The precipitates 
appear randomly throughout the TGO and do not appear to be in any preferential locations. They 
are too small to qualify using EDS in the SEM, however, further work on the precipitates can be 
found in Chapter 9, Section 9.5.1. The multi-oxide/spinel formations form above the TGO and as 
ageing times increase so does both their number and size. EDS shows that these regions are rich 
in Ni, Cr, Co and Al. Further work on these regions can be seen in Chapter 9, Section 9.7. 
 
TGO thickness measurements were made for all ageing temperatures. They showed a steady 
increase in oxide thickness as ageing time increased. Samples aged at 975°C for the same times 
as samples aged at 940°C would have been expected to display thicker oxides. This was not the 
case, however it is likely that due to the variable nature of the TGO (both in thickness and its 
undulations), and the knock on effect on the measurements it is likely that the oxide thickness is 
comparable between the 940°C and the 975°C samples. The oxide thickness data were compared 
to oxidation rate equations, and showed that there appeared to be different growth rates between 
the short term and long term samples. 
5.8 Summary 
A NiCoCrAlY bond coat system was aged for times of 1, 10, 100, 200, 2,000 and 10,000 h at 
temperatures of 940°C and 975°C. There was good agreement between thermodynamic 
calculations and experimental observations that the NiCoCrAlY coating consisted mainly of beta 
and gamma phases, with no apparent sigma. Similarly, the predicted and measured compositions 
were in good agreement. 
 
Short and long term ageing showed aluminium diffused out of the bond coat to form an alumina 
TGO. At short times the oxide was thin with a correspondingly small aluminium depletion zone, 
and as times increased both the oxide thickness and aluminium depletion zone increased. After 
approximately 200 h precipitates were seen within the TGO along with small multi-oxide regions. 
Long term ageing showed an increase in the number and size of the precipitates and multi-oxide 
regions. EBSD mapping showed that the bond coat and key coat layers were relatively 
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heterogeneous in the as received sample but became more homogeneous as ageing increased. The 
TBC showed a very complex, very heterogeneous grain structure that had a wide range of grain 
sizes (sub-micron to 30 µm in size). The grain size in the alumina TGO was small (1 µm and 
below). 
 
Oxide measurements showed an increase in oxide thickness as ageing times increased. Oxide 
thicknesses between samples aged at 940°C and 975°C were comparable. The oxide thickness 
measurements indicated that different oxidation rates were occurring during the short term and 
long term ageing, however, it was not possible to clearly identify one oxidation rate. It is more 
likely that the complex oxide grows through a mixture of oxidation rate laws. 
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Chapter 6 
6 Microstructural Analysis of a NiCrAlY Bond Coat 
System 
 
This chapter details the microstructural changes in the NiCrAlY bond coat system from the as-
received state through to short term and long term ageing. 
6.1 Microstructural Modelling 
In order to gain an idea not only of which phases should be expected at the temperatures of 
interest, and also their amounts and chemical compositions, thermodynamic modelling was 
carried out using MTDATA. Figure 6.1 shows the phase stability over a temperature range of 
500-1400°C. Unlike the NiCoCrAlY only one temperature of interest was chosen (940°C) which 
is representative of a service temperature seen by these systems.  
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Figure 6.1: MTDATA predicted phase map for NiCrAlY bond coat. 
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The phase stability map shows that at low temperatures there is a high level of gamma prime with 
lower levels of alpha-Cr and minimal beta. At approximately 980/990°C there is a sharp change 
above which the dominant phase is gamma with lower levels of beta. At the temperatures of 
interest a three phase gamma prime, alpha-Cr, beta structure is predicted. The results of the 
multiphase calculations at the temperatures of interest can be seen in Table 6.1 which depicts the 
phase amounts and compositions. 
 
Composition (wt.%) Phase Phase amount at 940°C (%) Ni Cr Al 
Beta (β) 13.2 73.1 9.7 17.2 
Gamma Prime (γ′) 79.6 78.4 10.6 11 
Alpha Chromium    
(α-Cr) 7.2 2.6 97.4 0 
Table 6.1: Predicted phase proportions and compositions for a NiCrAlY bond coat at 940°C and 975°C. 
 
In order to compare the thermodynamic predictions with the experimental samples, EBSD was 
used for phase identification (analysing diffraction patterns caused by backscattered electrons 
diffracted by lattice planes) and EDS was used in order to determine phase compositions. The 
EBSD map can be seen in Figure 6.2. This map has been produced using ChI scan, therefore the 
β and the alpha-Cr phases have been additionally discriminated using the difference in aluminium 
and chromium content. The map was carried out on a sample aged for 2,000 h at 940°C. The map 
shows a three phase coating with interconnecting gamma prime grains forming the matrix with 
the alpha-Cr and beta as secondary phases. 
 
  
 (a)                  (b) 
Figure 6.2: EBSD Map of a NiCrAlY bond coat at 940°C showing (a) phase map and 
(b) EDS map for Cr 
Min Max Gamma Prime 
Alpha-Cr 
Beta 
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To compare the thermodynamic predictions, EDS measurements were made from individual 
phases. Measurements were made on 20 separate grains of each phase and the results averaged; 
Table 6.2 presents the results for the sample aged for 2,000 h at 940°C. There is a reasonable 
correlation between the two, although the Al and Ni are generally a little low compared to the 
predictions and the Cr a little high. The β phase is characterised by ~7wt% Cr and 18wt% Al, 
whereas the γ′ phase contains more Cr (~18wt%) and significantly less Al (~7wt%). 
 
Composition (wt.%) → 
Source Data Phase 
Al Cr Ni Y 
Gamma Prime (γ′) 11.0 10.6 78.4 0.0 
Beta (β) 17.2 9.7 73.1 0.0 Thermodynamic Calculations 
Alpha Chromium   (α-Cr) 0.0 97.4 2.6 0.0 
Gamma Prime (γ′) 7.52 ±0.52 17.8 ±0.95 74.6 ±0.87 0.1 ±0.04
Beta (β) 17.9 ±0.07 7.3 ±0.34 74.7 ±0.29 0.1 ±0.05EDS Spot Measurements 
Alpha Chromium   (α-Cr) 0.4 ±0.05 93.0 ±0.27 5.9 ±0.35 0.7 ±0.08
Figure 6.2: Comparison of predicted and measured phase compositions for a NiCrAlY sample aged for 
2,000 h at 940°C 
6.2 As-Received Condition 
An ‘as-received’ sample is a sample that has undergone the spraying process and then received a 
solution heat treatment (for the Ni-superalloy substrate) but has not undergone any further heat 
treatments. Unlike the NiCoCrAlY samples the NiCrAlY samples do not have a key coat; Figure 
6.3 shows an overview of the system detailing the various different layers. By analysing the 
samples using backscattered imaging it is possible to gain excellent contrast, however it is not 
possible to discern three phases in the microstructure as predicted by the thermodynamic 
calculations. 
 
  
   (a)       (b) 
Figure 6.3: Backscatter electron images of a NiCrAlY bond coat, in as-received condition at various 
magnifications (a)-(b) 
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One major difference from the NiCoCrAlY samples is the layer thicknesses with the TBC and the 
bond coat being substantially thinner in the NiCrAlY. The bond coat is approximately 90 µm 
thick and the TBC is approximately 200 µm. As with the NiCoCrAlY the TBC has an extensive 
crack network present as well as some voids. Figure 6.4 shows chemical composition maps of the 
as-received sample. There appears to be a mixed Al and Cr non-continuous oxide at the bond 
coat/TBC interface. 
 
   
      Analysis Area           Al                Cr    
 
Ni 
Figure 6.4: EDS map of a NiCrAlY bond coat, in as-received condition showing an overview of the 
system 
6.3 Short Term Ageing at 940°C 
Samples were aged isothermally at 940°C in air and examined after 1 h, 10 h, 100 h and 200 h 
intervals. Figure 6.5 shows the evolution of the microstructure as the ageing time increases from 
the as-received sample up to 200 h ageing time. Even after short ageing times significant 
microstructural change is apparent. After 1 h there is significant oxide growth but unlike the 
NiCoCrAlY it is not an aluminium oxide layer that forms. The EDS maps indicate that the oxide 
formation is mostly Cr rich but there are regions where a mixed Al and Cr oxide have formed. A 
large depletion of Cr and the alpha-Cr phase is seen in the bond coat directly below the oxide 
formation along with a reduction in the alpha-Cr phase in the same band. There is no visible 
aluminium depletion zone.  
20 µm 
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Figure 6.5: Backscatter electron images of a NiCrAlY bond coat and the subsequent change after short 
term ageing at 940°C. 
(a) 
(b) 
(c) 
(d) 
1 h 
10 h 
100 h 
200 h 
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After 1 h the oxide is ~2 μm thick. As the ageing time increase to 10 h the oxide has increased to 
~3 μm in size. However, there is now an aluminium oxide forming below the initial Cr/Al oxide 
layer. The aluminium oxide is ~0.7 μm thick with the Cr/Al layer being ~2 μm thick. The Cr 
depletion layer is still visible but does not appear to have increased greatly and there is still no 
visible aluminium depletion layer. After 100 h ageing the Cr/Al oxide has increased slightly to 
~2.2 µm but the aluminium oxide has increased significantly up to ~1.8 µm giving a total layer 
thickness of ~ 4.3 µm. The Cr/α-Cr depletion layer is no longer visible as the oxide has grown 
inwards such that the depleted zone has effectively been removed. There is still no visible Al 
depletion zone. As seen in the NiCoCrAlY samples there is precipitate formation within the TGO 
layer. The precipitates are within the aluminium oxide and form early on, seemingly in-between 
the 10 h and 100 h samples. Ageing for 200 h sees a small increase in oxide thickness with the 
aluminium oxide increasing to ~1.8 μm and the Cr/Al increasing to ~2.3 μm. No depletion zones 
can be seen in the 200 h sample. The precipitates seen in the aluminium oxide have increased in 
number and size. 
 
   
            Analysis Area        Al              Cr  
  
O         Ni 
Figure 6.6: EDS map of a NiCrAlY bond coat after short term ageing at 940°C for 1 h. 
 
Chemical mapping of the samples illustrates the changes occurring in the system as ageing time 
increases. The chromium map shows the initial depletion of Cr from the interface as well as the 
eventual disappearance after longer ageing times (200 h). The chromium and aluminium maps 
show the evolution of the oxide as ageing progresses, from the initial Cr oxide with mixed Al and 
20 µm 
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the further evolution of the Al oxide beneath this initial layer. Due to the small size of the 
precipitates and the limitation of EDS in the SEM it is not possible to qualify the compositions of 
the precipitates. Figures 6.6 and 6.7 show EDS maps of the 1 h and 200 h samples respectively 
 
   
            Analysis Area        Al              Cr  
  
O         Ni 
Figure 6.7: EDS map of a NiCrAlY bond coat after short term ageing at 940°C for 200 h. 
6.4 Long Term Ageing at 940°C 
The long term aged samples have been aged for times of 2,000 h and 10,000 h, and are both very 
close in the appearance of their microstructures. A sample aged for 2,000 h at 940°C can be seen 
in Figure 6.8. The samples aged at 940°C show a high degree of similarity with the short term 
ageing samples. There is still no visible Cr depletion zone but there does appear to be a depletion 
of the α -Cr phase from the region directly below the oxide layers. The TGO layer is continuous 
and of a reasonably consistent thickness throughout the sample. The precipitates noted in the 
short term ageing samples are still apparent in the Al oxide. They have increased in size and 
number and are still randomly distributed throughout the layer with no clustering apparent. The 
two layer (Cr/Al and Al) oxide is still present with the Al oxide below the Cr/Al oxide that was 
seen to have formed in the short term ageing samples. The overall thickness of both layers has 
increased, with the 2,000 h sample being ~9.7 µm thick with the Al oxide being ~5.2 µm and the 
Cr/Al oxide being ~4.5 µm. However the 10,000 h sample has a thinner oxide overall than the 
2,000 h sample. The TBC is still attached to the sample however suggesting that there has been 
no spallation. 
20 µm 
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   (a)       (b) 
  
   (c)       (d) 
Figure 6.8: Backscatter electron images of a NiCrAlY bond coat, after ageing for 2,000 h at 940°C 
showing an overview of the microstructure (a) and higher magnification images of the main TGO, 
precipitates within the TGO and spinel/multi-oxide growth (b)-(d). 
 
A chemical composition map of the 2,000 at 940°C sample (Figure 6.9) shows the oxide is made 
up of the two distinct Al oxide and Cr/Al oxide layers. The depletion layers are also illustrated by 
the Cr and Al maps. As in the short term ageing samples the precipitates in the alumina are too 
small to qualify. EBSD mapping (see Figure 6.10) shows the grain structures of the various 
layers. The bond coat is relatively homogeneous although there is still some variance in grain 
size. The TGO grain structure is very small overall with the Al oxide grain size seeming 
reasonably consistent with that seen in the NiCoCrAlY samples, with the grain size generally 
being  ~1 µm or above in both the 2,000 h and 10,000 h samples. The Cr/Al oxide however, has 
an even smaller grain size with the grains 1 µm or below in size. As in the NiCoCrAlY samples 
the TBC grain structure is very complex with grains ranging from considerably below 1 µm up to 
~30 µm in size. 
 
Oxide 
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Figure 6.9: EDS Map of a NiCrAlY (Bond Coat and Key Coat) 2,000 h at 940°C, showing the two layer 
oxide structure. 
 
Figure 6.11 shows the EDS maps taken simultaneously with the EBSD which were used for 
phase discrimination of the γ′, β, alpha-Cr and the thermal barrier coating. The aluminium map 
here shows that there are some β grains present in the bond coat but there is not the same sort of 
depleted layer as was seen in the NiCoCrAlY samples. 
 
30 µm 
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Figure 6.10: Image Quality + Inverse Pole Figure of a NiCrAlY bond coat after long term ageing for 
2,000 h at 940°C showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO. 
TBC 
Oxide 
Bond 
Coat 
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Figure 6.11: EDS map from EBSD scan for a NiCrAlY (Bond Coat and Key Coat) 2,000 h at 940°C 
showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO formed there. 
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6.5 TGO Thickness 
Measurements of the oxide growth have been made after each ageing step through from the short 
term to long term ageing. Measurements were taken at several regions for each ageing 
temperature (using the process described in Chapter 3 Section 3.10) and the results averaged. 
Figure 6.12 illustrates the change in oxide thickness through the various short and long term 
ageing times at 940°C.  In these samples, there were two clearly defined oxide regions and 
therefore measurements were made of both the alumina and chromia layers as shown in the 
figure. The graph shows that the oxide increases in thickness relatively steadily through the short 
term tests (1-200 h), before increasing steeply as the ageing time increases. There is an 
unexpected drop in oxide thickness from the 2,000 h to 10,000 h sample. Several  measurements 
were taken due to the variability of the oxide around the samples, and the complete set of TGO 
measurements was then taken and ranked from the lowest to the highest figure measured.  Figures 
6.13, 6.14 and 6.15 shows the range of oxide thickness measurements taken across the 940°C 
samples. There is quite a large variance across any given sample, which increases with the ageing 
time. 
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Figure 6.12: Graph showing the change in oxide thickness on a NiCrAlY bond coat after short and long 
term ageing at 940°C. 
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Figure 6.13: Graph showing the range of oxide thickness measurements on a NiCrAlY bond coat after 
short and long term ageing at 940°C for total oxide thickness only. 
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Figure 6.14: Graph showing the range of oxide thickness measurements on a NiCrAlY bond coat after 
short and long term ageing at 940°C for alumina thickness only. 
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Figure 6.15: Graph showing the range of oxide thickness measurements on a NiCrAlY bond coat after 
short and long term ageing at 940°C for total oxide thickness only. 
 
 
As previously noted the oxide thickness after long term ageing at 940°C actually reduced from 
the 2,000 h sample to the 10,000 h sample (see Figure 6.16). No spallation of the TBC is seen 
suggesting the oxide thickness measurement is genuine, however it is unclear as to why the 
thickness is so much thinner than the 2,000 h sample. Figure 6.17 depicts the range of oxide 
thickness measurements taken across each sample. This shows that there is a large variance 
across all samples but the variance for each separate oxide layer appears comparable between the 
2,000 h and 10,000 h samples. 
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Figure 6.16: Graph showing the change in oxide thickness on a NiCrAlY bond coat after long term 
ageing at 940°C. 
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Figure 6.17: Graph showing the range of oxide thickness measurements on a NiCrAlY bond coat after 
long term ageing at 940°C. 
 
 
Using the oxide thickness measurements it is often possible to correlate the oxide growth to a 
particular oxidation growth rate. At high temperatures a combination of parabolic and linear 
oxidation is normal[14], with interface controlled (linear) during the initial stages, and diffusion 
limited (parabolic) after extended oxidation. By plotting the oxide thickness against time using 
the relevant rate equations (Chapter 2, Section 2.6.6) it can be possible to determine the rate of 
oxide growth. The NiCrAlY oxide thickness data were plotted using the linear and parabolic rate 
laws (Figure 6.18-6.19).  
 
As with the NiCoCrAlY coating neither the linear or parabolic rate laws seem to fit the NiCrAlY 
data. The NiCrAlY initially forms a Cr/Al mixed oxide layer followed by an alumina layer 
beneath this. This mixed layer oxide growth must result in differing growth rates, meaning that 
like the NiCoCrAlY it is highly likely that the growth rate for the oxide on the NiCoCrAlY 
sample is likely to be a mixture of several rate laws. Even taking the alumina measurements in 
isolation the mixed oxide layer will be altering the growth mechanics as it will be modifying the 
anion/cation transport from/to the alumina. 
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Figure 6.18: Graph showing oxide thickness versus time (linear rate law) for the NiCrAlY samples aged 
at 940°C. 
 
 
Figure 6.19: Graph showing oxide thickness squared versus time (parabolic rate law) for the NiCrAlY 
samples aged at 940°C. 
6.6 Discussion 
Equilibrium thermodynamic calculations suggest that at the temperatures of interest (940°C and 
975°C) a three phase structure should be present, gamma prime, beta and alpha-Cr. Combined 
EBSD/EDS, whereby chemical composition was used to discriminate against phases, has shown 
that the experimental samples correlate well with the predictions. The measured chemical 
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compositions and those predicted by MTDATA correlate well, although the Al and Ni are 
generally a little low compared to the predictions and the Cr a little high. 
 
SEM analysis of an as-received sample showed what appeared to be a two phase microstructure 
which was at odds with the predictions. However, chemical analysis showed that there were in 
fact three phases present. A Ni rich gamma prime matrix with Cr rich alpha-Cr and Al rich β 
secondary phases present. It was not possible to differentiate between the alpha-Cr and the β 
phase in the SEM using backscattered imaging. Short term and long term aged samples have 
shown a very different oxidation behaviour in the NiCrAlY samples compared to the 
NiCoCrAlY. The NiCrAlY samples initially formed a mixed oxide layer, mostly Cr oxide but 
with regions of Cr/Al present also. There was a corresponding depletion of chromium from the 
matrix due to outward diffusion to form the oxide layer. A depletion of the chromium rich alpha-
Cr phase would suggest that the bulk of this outward Cr diffusion comes from the alpha-Cr phase 
initially. As ageing times increased Cr depletion was also seen in the gamma prime matrix, 
suggesting that the alpha-Cr had been sufficiently depleted such that diffusion from the gamma 
prime matrix was preferable. As ageing times increased to ~ 10 h a second oxide layer began to 
form, an aluminium oxide beneath the initial oxide layer. There was no visible depleted layer of 
aluminium associated with this aluminium oxide layer. EBSD analysis showed that there were β 
grains present within the bond coat but there was not the definite depleted layer as was seen in the 
NiCoCrAlY samples. Precipitates were seen in the 100 h sample forming in the Al oxide layer, 
none were seen in the initial Cr/Al mixed oxide layer. These precipitates increased in number and 
size as ageing progressed. As in the NiCoCrAlY samples the precipitates appeared randomly 
throughout the sample with no apparent preferential locations. They are too small to qualify using 
EDS in the SEM, however, further work on the precipitates can be found in Chapter 9, Section 
9.5.1. Unlike the NiCoCrAlY samples no multi-oxide/spinel regions were seen at the top of the 
TGO. 
 
TGO thickness measurements were taken across all ageing temperature. They showed a steady 
increase in oxide thickness as ageing time increased. The oxide thickness appeared to drop from 
the sample aged for 2,000 h to the sample aged for 10,000 h. It is unclear as to why the 10,000 h 
sample has a thinner oxide, no spallation of the TGO/TBC was seen in this sample. The oxide 
thickness data were compared to oxidation rate equations, and it was shown that there appeared to 
be different rates between the short term and long term samples. 
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6.7 Summary 
A NiCrAlY bond coat system was aged for times of 1, 10, 100, 200, 2,000 and 10,000 h at a 
temperature of 940°C. Thermodynamic calculations for the NiCrAlY coating predicted both 
phase maps and phase compositions. A gamma prime, alpha-Cr, beta structure was predicted and 
experimental samples analysed using combined EBSD/EDS correlated well. EDS for chemical 
composition analysis also correlated well with the predicted compositions. SEM analysis showed 
a two phase structure, a dark phase in a light matrix however, EBSD and EDS showed a three 
phase gamma prime, alpha-Cr, beta structure was present. 
 
Short term and long term ageing showed that a discontinuous mixed Cr/Al oxide formed at the 
bond coat/TBC interface initially with an alumina forming above this subsequently, At short 
times the oxide was thin with correspondingly small depletion zones of Al and Cr, as times 
increased so did both the oxide thickness and the Cr/Al depletion zones. After approximately 100 
h precipitates began to form within the TGO. These precipitates were seen to increase in both size 
and number as ageing times increased. EBSD mapping showed that the bond coat was relatively 
heterogeneous in the as received sample but became more homogeneous as ageing increased. The 
TBC showed a very complex, very heterogeneous grain structure with a wide range of grain sizes 
(sub-micron to 30 µm in size). The grain size in the alumina was small (~1 µm), and the grain 
size in the mixed Cr/Al oxide was smaller again (sub-micron). 
 
Oxide measurements showed an increase in oxide thickness as ageing times increased. The oxide 
thickness measurements indicated that different oxidation rates were occurring during the short 
term and long term ageing, however, it was not possible to clearly identify one oxidation rate. It 
is more likely that the oxide grows through a mixture of oxidation rate laws. 
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Chapter 7 
7 Microstructural Analysis of a CoCrAlY Bond Coat 
System 
 
This chapter details the microstructural changes in the CoCrAlY bond coat system, from as-
received samples through to both relatively short term and longer term ageing. 
7.1 Microstructural Modelling 
Thermodynamic calculations have been utilised in order to gain an idea of which phase should be 
expected at the temperatures of interest at equilibrium, and also their chemical compositions. 
Figure 7.1 shows the phase stability over a temperature range of 500-1400°C. One temperature 
was chosen to examine in detail (940°C) which is representative of a service temperature.  
 
0
10
20
30
40
50
60
70
80
90
100
500 600 700 800 900 1000 1100 1200 1300 1400
Temperature oC
M
as
s(
ph
as
e)
/k
g
Liquid
Gamma
Beta
Sigma
 
Figure 7.1: Predicted phase map for CoCrAlY bond coat. 
 
The phase stability plot shows that at low temperatures there is an almost 50:50 mix of beta and 
sigma with gamma building up from 700°C upwards. At high temperatures gamma is the 
Microstructural Analysis of a CoCrAlY Bond                                                                  Chapter 7 
135 
 
dominant phase with lower levels of beta which decrease as temperature increases. At the 
temperature of interest gamma, beta and a small amount of sigma are predicted. The results of the 
multiphase calculations at the temperatures of interest can be seen in Table 7.1 which gives the 
phase amounts and compositions. 
 
Composition (wt.%) Phase Phase amount at 940°C (%) Co Cr Al 
Beta (β) 32.8 70.0 16.0 14.0 
Gamma (γ) 60.7 65.0 33.0 2.0 
Sigma (σ) 6.5 46.0 54.0 0.0 
Table 7.1: Predicted phase proportions and compositions for a CoCrAlY bond coat at 940°C. 
 
In order to compare the thermodynamic predictions with the experimental samples, EBSD was 
used for phase identification (analysing diffraction patterns caused by backscattered electrons 
diffracted by lattice planes) and EDS was used in order to determine phase compositions. The 
EBSD map can be seen in Figure 7.2. This map has been produced using ChI scan, therefore the 
β phase has been additionally discriminated using the difference in aluminium content. The map 
was carried out on a sample aged for 2,000 h at 940°C.  
 
   
(a)                  (b) 
Figure 7.2: EBSD derived maps of a CoCrAlY bond coat at 940°C showing (a) phase 
map and (b) EDS map for Al 
 
The map shows a two phase coating with γ and β present, with a relatively low level of β. The γ 
forms an interconnecting matrix with the β as a secondary phase. To compare the thermodynamic 
predictions, EDS measurements were made from individual phases. Measurements were made on 
Min Max Beta 
 Gamma
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20 separate grains of each phase and the results averaged; Table 7.2 presents the results for the 
sample aged for 2,000 h at 940°C. There is a reasonable correlation between the two, although 
the Co readings are a little low compared to the predicted values and the Al values a little high. 
The β phase is characterised by ~17 wt% Cr and 21 wt% Al, whereas the γ phase contains more 
Cr (~33 wt%) and significantly less Al (~2-3 wt%). 
 
Composition (wt.%) → 
Source Data Phase 
Co Cr Al Y 
Beta (β) 70.0 16.0 14.0 0.0 Thermodynamic  
Calculations Gamma (γ) 65.0 33.0 2.0 0.0 
Beta (β) 61.7 ±0.16 16.9 ±0.08 21.2 ±0.07 0.2 ±0.07 EDS Spot 
Measurements Gamma (γ) 63.7 ±0.25 33.0 ±0.74 3.0 ±0.72 0.3 ±0.29 
Table 7.2: Comparison of predicted and measured phase compositions for a CoCrAlY sample aged for 
2,000 h at 940°C 
7.2 As-Received Condition 
An ‘as-received’ sample is a sample that has undergone the spraying process and then received a 
solution heat treatment (for the Ni-superalloy substrate) but has not undergone any further heat 
treatments. The CoCrAlY samples are similar to the NiCrAlY in as much as they don’t feature a 
key coat. Figure 7.3 shows an overview of the system detailing the various different layers. 
Analysing the samples using backscattered imaging gives excellent phase contrast within the 
bond coat showing a two phase structure is present.  
  
(a)       (b) 
Figure 7.3: Backscatter electron images of a CoCrAlY bond coat, in the as-received condition at various 
magnifications (a)-(b) 
 
The structure appears very similar to the NiCoCrAlY coated samples, although this is to be 
expected due to their similar phase stability. The coating thicknesses are also similar to those seen 
on the NiCoCrAlY bond coat with both the bond coat and TBC being relatively thick (~250 µm 
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and ~300 µm respectively). As with the NiCoCrAlY and the NiCrAlY samples, the TBC has an 
extensive crack network and some voids present. Figure 7.4 shows chemical composition maps of 
the as-received sample. As with the NiCoCrAlY sample there is a phase high in aluminium which 
sits in a matrix high in Ni, Co and Cr. There is no apparent oxide at the bond coat/TBC interface. 
Correlating the EDS maps and the microstructural images indicates that the dark phase seen in 
the bond coat is beta, in the lighter gamma matrix. 
 
   
        Analysis Area                                        Al                                                    Co 
  
Cr            Ni 
Figure 7.4: EDS map of a CoCrAlY bond coat, in as-received condition showing an overview of the 
system 
7.3 Short Term Ageing at 940°C 
Samples were aged isothermally at 940°C in air and examined after 1 h, 10 h, 100 h and 200 h 
intervals. Figure 7.5 shows the evolution of the microstructure as the ageing time increases from 
the 1 h to 200 h ageing time. After ageing the samples, even for short time periods, significant 
microstructural change is apparent. After 1 h an aluminium rich oxide has formed at the bond 
coat/TBC interface. Due to the short time period the oxide is very thin (~0.5 µm thick), but it is 
continuous throughout the sample. There is a minimal aluminium depletion zone in the bond coat.  
40 µm 
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Figure 7.5: Backscatter electron images of a CoCrAlY bond coat and the subsequent change after short 
term ageing at 940°C. 
(a) 
(b) 
(c) 
(d) 
1 h 
10 h 
100 h 
200 h 
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As the ageing time is increased to 10 h, the aluminium depletion and oxide growth begin to 
increase further. The oxide layer in the 10 h sample is ~1.5 µm thick with the resultant aluminium 
depletion zone increasing to ~5 µm in size. There are also the beginnings of some precipitates 
forming within the main aluminium TGO as well. Ageing to 100 h sees a further increase in the 
oxide thickness and the aluminium depletion zone. The TGO is now ~2.5 μm thick with the 
aluminium depletion zone increasing to ~15 μm in size. The precipitates seen in the 10 h sample 
have also increased in size and number after ageing for 100 h. After ageing for 200 h the oxide is 
still increasing in thickness, now ~3 μm, and the aluminium depletion has moved further into the 
bond coat (~22 μm). The precipitates in the main TGO have increased in size and number. There 
are also some small multi-oxide/spinel regions at the top edge of the TGO.  
 
   
    Analysis Area              Al      O 
  
Co      Cr 
Figure 7.6: EDS map of a CoCrAlY bond coat after short term ageing at 940°C for 1 h. 
 
Chemical mapping of the sample clearly illustrates the changes occurring in the system as ageing 
time increases. The aluminium maps show the depletion of Al from the interface and a 
corresponding depletion of the β phase. The aluminium oxide can also be seen to form and 
increase in thickness as ageing progresses. Due to the small size of the precipitates and the 
limitation of EDS in the SEM it is not possible to qualify the compositions of the precipitates. 
Figures 7.6 and 7.7 show EDS maps of the 1 h and 200 h samples respectively. 
20 µm 
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Co      Cr 
Figure 7.7: EDS map of a CoCrAlY bond coat after short term ageing at 940°C for 200 h. 
7.4 Long Term Ageing at 940°C 
The long term aged samples have been aged for times of 2,000 h and 10,000 h at 940°C. The 
samples show a high degree of similarity with the short term ageing samples; Figure 7.8 shows an 
overview of the sample aged for 2,000 h at 940°C. The beta depletion zone has increased further, 
in size progressing into the bond coat. The TGO layer is continuous and of a consistent thickness 
throughout the sample. The precipitates which were seen in the short term aged samples are still 
present however, they are very few in overall number and size when compared to either the 
NiCoCrAlY or even the NiCrAlY bond coats. The multi-oxide/spinel regions are comparatively 
widespread throughout the sample and larger in size than those seen in the NiCoCrAlY samples. 
The TGO thickness has increased over that seen in the short term ageing samples quite 
significantly, with the 2,000 h sample being ~4 μm and the 10,000 h sample being ~5.5 μm thick. 
 
40 µm 
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   (a)       (b) 
  
  (c)       (d) 
Figure 7.8: Backscatter electron image of a CoCrAlY bond coat, aged for 2,000 h at 940°C showing an 
overview of the microstructure (a) and higher magnification images of the main TGO, precipitates within 
the TGO and spinel/multi-oxide growth (b)-(d). 
 
Chemical composition maps of the 2,000 h at 940°C sample (see Figure 7.9) show that the main 
TGO is aluminium rich. The aluminium map also illustrates the outward diffusion of aluminium 
to facilitate the TGO growth, with a depleted zone of aluminium (and therefore beta) clearly 
visible. The maps also show that the spinel/multi-oxide regions are rich in Cr, Co, Ni and Al. Due 
to the small size of the precipitates in the TGO and the resolution limitations of EDS in the SEM 
it is not possible to gain any chemical knowledge with regards to the precipitates, however more 
detailed work on the precipitates can be found in Chapter 9, Section 9.5.1. 
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          Analysis Area                    Al               O 
  
Co           Cr 
Figure 7.9: EDS Map of a CoCrAlY bond coat after long term ageing for 2,000 h at 940°C, showing a 
multi-oxide region. 
 
EBSD mapping (see Figure 7.10) shows the grain structures of the various layers. The bond coat 
microstructure appears quite inhomogeneous, especially in comparison to the NiCoCrAlY 
sample. The aluminium depleted zone appears more homogenous than the rest of the bond coat. 
There is some twinning of the gamma grains evident. The TGO microstructure is very small with 
a grain size generally 1 μm or below. The TBC grain structure shows a hugely varied grain size. 
There are regions where the grain size is very small (considerably below 1 µm in some cases) but 
there are also much larger grain clusters where grain sizes stretch up to ~30 µm. The splat 
boundaries can be seen quite clearly and appear as dark lines surrounding the material in the 
TBC. Figure 7.11 shows the EDS maps taken simultaneously with the EBSD and were used for 
phase discrimination of the γ, β and the thermal barrier coating. 
 
20 µm 
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Figure 7.10: Image Quality + Inverse Pole Figure of a CoCrAlY bond coat after long term ageing for 
2,000 h at 940°C showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO. 
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Figure 7.11: EDS map from EBSD scan for a CoCrAlY (Bond Coat and Key Coat) 2,000 h at 940°C 
showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO formed there. 
 
 
20 µm 
Microstructural Analysis of a CoCrAlY Bond                                                                  Chapter 7 
145 
 
7.5 TGO Thickness 
Measurements of the oxide growth have been made after each ageing step, through from the short 
term to long term ageing. Measurements were taken at several regions for each ageing 
temperature (using the process described in Chapter 3 Section 3.10) and the results averaged. 
Measurements were also taken from samples aged at 1000°C. Figure 7.12 illustrates the change in 
oxide thickness through the various short and long term ageing times at 940°C. The graph shows 
that the oxide increases in thickness steadily throughout the different ageing steps. Several 
measurements were taken due to the variability of the oxide around the samples, and the complete 
set of TGO measurements was then taken and ranked from the lowest to the highest figure 
measured. Figure 7.13 shows this range of oxide thickness measurements taken across the 940°C 
samples. There is quite a large variance across any given sample, which increases with the ageing 
time. Measurements taken from samples aged for 2,000 h at 1000°C and 3,300 h at 1000°C 
(Figure 7.14) showed slightly larger oxide thicknesses than at comparable times ageing at 940°C 
which is to be expected. Ranking the measurements taken showed very similar trends across the 
940°C and 1000°C samples (see Figure 7.15). 
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Figure 7.12: Graph showing the change in oxide thickness on a CoCrAlY bond coat after short and long 
term ageing at 940°C. 
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Figure 7.13: Graph showing the range of oxide thickness measurements on a CoCrAlY bond coat after 
short and long term ageing at 940°C. 
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Figure 7.14: Graph showing the change in oxide thickness on a CoCrAlY bond coat after long term 
ageing at 940°C and 1000°C. 
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Figure 7.15: Graph showing the range of oxide thickness measurements on a CoCrAlY bond coat after 
long term ageing at 940°C and 1000°C. 
 
 
Using the oxide thickness measurements it is often possible to correlate the oxide growth to a 
particular oxidation growth rate. At high temperatures a combination of parabolic and linear 
oxidation is normal[14], with interface controlled (linear) during the initial stages, and diffusion 
limited (parabolic) after extended oxidation. By plotting the oxide thickness against time using 
the relevant rate equations (Chapter 2, Section 2.6.6) it can be possible to determine the rate of 
oxide growth. The CoCrAlY oxide thickness data was plotted using the linear and parabolic rate 
laws (Figure 7.16-7.17). Predicted oxide thicknesses from the combined thermodynamic and 
kinetic coupled model were also compared with the measured oxide thicknesses (Figure 7.18).  
 
As with the NiCoCrAlY samples neither the linear or parabolic rate laws seem to fit, but both 
suggest different rates between the short term and long term ageing. As with the NiCoCrAlY 
samples it is likely that due to the complex nature of the oxide (precipitate formations, multi-
oxide regions, mixtures of cation and anion diffusion etc), the growth rate of the oxide in the 
CoCrAlY samples will probably follow a mixture of rate laws. Comparing the measured oxide 
thicknesses with that of the predictions from the combined thermodynamic and kinetic coupled 
model shows that the predictions are relatively close to the experimental values. The graph 
showing the predicted oxide thicknesses also seems to show different rates for the short term and 
long term aged samples, similar to those seen in the experimental samples. 
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Figure 7.16: Graph showing oxide thickness versus time (linear rate law) for the NiCoCrAlY samples 
aged at 940°C. 
 
 
Figure 7.17: Graph showing oxide thickness squared versus time (parabolic rate law) for the NiCoCrAlY 
samples aged at 940°C. 
 
Microstructural Analysis of a CoCrAlY Bond                                                                  Chapter 7 
149 
 
 
Figure 7.18: Graph showing the predicted oxide thickness from the combined thermodynamic and kinetic 
coupled model, versus time for the NiCoCrAlY samples aged at 940°C. 
 
7.6 Discussion 
Equilibrium thermodynamic calculations predict that at the temperature of interest (940°C) the 
phases present should be gamma, beta and sigma. Combined EBSD/EDS, whereby the chemical 
composition is used to discriminate phases, has shown that the experimental samples correlate 
well with the thermodynamic predictions. No sigma phase is seen in the experimental samples. 
The measured and predicted chemical composition correlate well, although the Co readings are a 
little low compared to the predicted values and the Al values a little high. However, as before it 
may be that the microstructure is not at equilibrium and therefore some deviation is to be 
expected. 
 
SEM analysis of an as received sample showed a dark phase in a light matrix, much the same as 
in the NiCoCrAlY sample. Correlating the EDS maps would suggest that the dark phase is beta 
and the light matrix gamma. Short term and long term aged samples have shown an oxidation 
behaviour very similar to that seen in the NiCoCrAlY samples. An aluminium oxide forms very 
early on (after 1 h) at the bond coat/TBC interface. A corresponding depletion of aluminium and 
the beta phase (high in Al) is also seen as aluminium diffuses out to form the aluminium TGO. At 
the lower ageing times both the oxide thickness and depletion zones are small however as ageing 
progresses the oxide thickness and therefore the beta depletion and aluminium depletion from the 
matrix further increases with the long term aged samples showing thick oxides and large 
depletion zones. After ~10 h (shorter than that seen in the NiCoCrAlY samples)small  precipitates 
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are visible in the TGO. As ageing time increases, the number and size of these also increase, 
however in comparison to the NiCoCrAlY and NiCrAlY samples they are far fewer in number 
overall. Unlike the NiCoCrAlY and NiCrAlY they also appear to preferentially cluster close to 
multi-oxide/spinel regions throughout the samples. They are too small to qualify using EDS in 
the SEM, however, further work on the precipitates can be found in Chapter 9, Section 9.5.1. The 
multi-oxide/spinel formations form above the TGO and as ageing times increase so does both 
their number and size. EDS shows that these regions are rich in Ni, Cr, Co and Al. Further work 
on these regions can be seen in Chapter 9, Section 9.7. 
 
TGO thickness measurements were taken across all ageing temperatures. They showed a steady 
increase in oxide thickness as ageing time increased. Samples aged at 1000°C showed a thicker 
oxide at shorter times than those aged at 940°C most likely due to the increased diffusion at the 
higher temperature resulting in a faster oxidation rate. The oxide thickness data were compared to 
oxidation rate equations, and it was shown that there were different rates between the short term 
and long term samples. 
7.7 Summary 
A CoCrAlY bond coat system was aged for times of 1, 10, 100, 200, 2,000 and 10,000 h at a 
temperature of 940°C. There was good agreement between thermodynamic calculations and 
experimental observations that the CoCrAlY coating consisted mainly of beta and gamma phases, 
with possibly a small amount of sigma phase at equilibrium. Similarly, the predicted and 
measured compositions were in good agreement. 
 
Short and long term ageing showed aluminium diffused out of the bond coat to form an alumina 
TGO. At short times the oxide was thin with a correspondingly small aluminium depletion zone, 
as times increased both the oxide thickness and aluminium depletion zone increased. After 
approximately 10 h precipitates were seen within the TGO along with small multi-oxide regions 
(after ~200 h), far earlier than seen in the NiCoCrAlY system. Long term ageing showed an 
increase in the number and size of the precipitates and multi-oxide regions. EBSD mapping 
showed that the bond coat and key coat layers were relatively heterogeneous in the as received 
sample but became more homogeneous as ageing increased. The TBC showed a very complex, 
very heterogeneous grain structure that had a wide range of grain sizes (sub-micron to 30 µm in 
size). The grain size in the alumina TGO was small (1 µm and below). 
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Oxide measurements showed an increase in oxide thickness as ageing times increased. Samples 
aged at 1000°C showed a thicker oxide than those aged at 940°C most likely due to the increased 
diffusion at the higher temperature resulting in a faster oxidation rate. The oxide thickness 
measurements indicated that different oxidation rates were occurring during the short term and 
long term ageing, however, it was not possible to clearly identify one oxidation rate. It is more 
likely that the complex oxide grows through a mixture of oxidation rate laws. 
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Chapter 8 
8 Microstructural Analysis of a CoNiCrAlY Bond Coat 
System 
 
This chapter details the microstructural changes observed in the CoNiCrAlY bond coat system 
from as-received samples, through to short term and long term ageing. Two different CoNiCrAlY 
coatings will be examined due to having insufficient samples for both short and long term ageing 
in one CoNiCrAlY powder. Therefore LCO22 is examined in the as-received and short term 
thermal ageing, and CT102 is examined for the long term ageing. The CT102 samples were also 
aged at 1000°C rather than 940°C. Both bond coats are of the same nominal composition and are 
sprayed by low pressure plasma spray (LPPS) with an air plasma spray (APS) thermal barrier 
coating (TBC), however the powders are manufactured by different vendors. 
8.1 Microstructural Modelling 
Thermodynamic modelling was carried out using MTDATA in order to gain an idea of not only 
what phases should be expected at the temperature of interest but also their amounts and chemical 
compositions. Figure 8.1 shows the predicted phase stability over a temperature range of 500-
1400°C. One temperature was chosen to examine in detail (940°C) which is representative of a 
service temperature. The phase stability plot shows that at low temperatures there is a mixture of 
gamma prime, sigma, beta and gamma, with beta being the dominant one. As the temperature 
increases the gamma prime and the sigma amounts reduce whilst the beta reduces and the gamma 
increases. At the temperature of interest (940°C) only gamma and beta are predicted. The results 
of the multiphase calculations at the temperatures of interest can be seen in Table 8.1, which 
details the phase amounts and compositions. 
 
In order to compare the thermodynamic predictions with experimental samples, EBSD was used 
for phase identification (analysing diffraction patterns caused by backscattered electrons 
diffracted by lattice planes) and EDS was used in order to determine phase compositions. An 
EBSD map can be seen in Figure 8.2. This map has been produced using ChI scan, therefore the 
β phase has been additionally discriminated using the difference in aluminium content. The map 
was carried out on a CT102 sample aged for 2,000 h at 1000°C. The map shows a two phase 
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coating with γ and β present. There appears to be a relatively even split of γ to β, with the γ 
forming an interconnecting matrix with β as a secondary phase. 
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Figure 8.1: MTDATA predicted phase map for CoNiCrAlY bond coat. 
 
Composition (wt.%) Phase Phase amount at 940°C (%) Co Ni Cr Al 
Beta (β) 35.9 31.1 43.2 9.0 16.7 
Gamma (γ) 64.1 43.4 25.7 27.7 3.2 
 Phase amount at 1000°C (%)    
 
Beta (β) 32.8 30.7 43.3 9.1 16.9 
Gamma (γ) 67.2 43.1 26.5 26.8 3.6 
Table 8.1: Predicted phase proportions and compositions for a CoNiCrAlY bond coat at 940°C and 
1000°C. 
 
To compare the thermodynamic predictions, EDS measurements were made from individual 
phases. Measurements were made on 20 separate grains of each phase and the results averaged. 
Table 8.2 presents the results for the CT102 sample aged for 2,000 h at 1000°C. There is a 
reasonable correlation between the two, though the Co and Cr readings are a little low compared 
to the predicted values and the Ni values a little high. The β phase is characterised by ~6 wt% Cr 
and 17 wt% Al, whereas the γ phase contains more Cr (~22wt%) and significantly less Al (~4 
wt%). 
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(a)                  (b) 
Figure 8.2: EBSD Map of a CoNiCrAlY (CT102) bond coat aged for 2,000 h at 
1000°C showing (a) phase map and (b) EDS map for Al 
 
Composition (wt.%) → 
Source Data Phase 
Co Ni Cr Al Y 
Beta (β) 30.7 43.3 9.1 16.9 0 Thermodynamic  
Calculations Gamma (γ) 43.1 26.5 26.8 3.6 0 
Beta (β) 17.9 ±0.29 59.0 ±0.35 6.1 ±0.29 17.0 ±0.28 0.0 ±0.02EDS Spot 
Measurements Gamma (γ) 35.0 ±0.15 38.8 ±0.18 22.0 ±0.14 4.0 ±0.09 0.2 ±0.08
Table 8.2: Comparison of predicted and measured phase compositions for a CoNiCrAlY sample aged for 
2,000 h at 1000°C 
8.2 As-Received Condition 
An ‘as-received’ sample is a sample that has undergone the spraying process and then received a 
solution heat treatment (for the Ni-superalloy substrate) but has not undergone any further heat 
treatments. The CoNiCrAlY samples do not have a keycoat, like the NiCrAlY and CoCrAlY 
samples. Figure 8.3 shows an overview of the system detailing the various layers. Analysing the 
samples using backscattered imaging gives excellent phase contrast within the bond coat and 
shows that a two phase structure is present. The structure appears very similar to the NiCoCrAlY 
and CoCrAlY which are also gamma/beta coatings. The coating thicknesses of the bond coat and 
TBC  are similar to that seen in the NiCoCrAlY samples (~200 µm and ~300 µm respectively). 
As with the NiCoCrAlY and the NiCrAlY bond coats the TBC has an extensive crack network 
and some voids present.  
 
Min Max  Gamma 
 Beta
20 µm 
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(a)       (b) 
Figure 8.3: Backscatter electron images of a CoNiCrAlY bond coat, in the as-received condition at two 
different magnifications (a)-(b) 
 
Figure 8.4 shows chemical composition maps of the as-received sample. As with the NiCoCrAlY 
and CoCrAlY samples there is a phase high in aluminium which sits in a matrix high in Ni, Co 
and Cr. Correlating the EDS maps and the microstructural images indicates that the dark phase 
seen in the bond coat is β. There also appears to be a continuous very thin aluminium oxide layer 
present at the bond coat/TBC interface in this case. 
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Cr            Ni 
Figure 8.4: EDS map of a CoCrAlY bond coat, in the as-received condition showing an overview of the 
system 
 
30 µm 
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8.3 Short Term Ageing at 940°C 
Samples were aged isothermally at 940°C in air and examined after 1 h, 10 h, 100 h and 200 h 
intervals. Figure 8.5 shows the evolution of the microstructure as the ageing time increases from 
the 1 h to 200 h ageing time. After ageing the samples, even for short time periods, significant 
microstructural change is apparent. After 1 h an aluminium rich oxide is present at the bond 
coat/TBC interface. Due to the short time period the oxide is very thin (~0.5 µm) and is 
continuous along the sample. There is a relatively large aluminium depletion zone present 
beneath the TGO ~2 μm thick. After ageing for 10 h the oxide is ~1 μm thick with the resultant 
aluminium depletion zone increasing to ~6 μm in size. After ageing to 100 h the aluminium oxide 
increasing to ~1.5 μm in thickness and the aluminium depletion zone increasing to ~15 μm. There 
is now also the appearance of some small multi-oxide/spinel regions, albeit in very small 
numbers, through the sample. There also appears to be a small number of precipitates forming, 
although they appear less than that seen in the other systems. Ageing for 200 h the oxide is still 
increasing in thickness, now approximately ~2 μm, and the aluminium depletion has moved 
further into the bond coat (approximately ~20 μm in size). The multi-oxide/spinel regions do not 
appear to have increased greatly in size or number. The precipitates in the main TGO however 
have started to increase in both size and number and are more prevalent through the sample.  
 
Chemical mapping of the sample clearly illustrates the changes occurring in the system as ageing 
time increases. The aluminium maps show the depletion of Al from the interface and a 
corresponding depletion of the β phase. The aluminium oxide can also be seen to form and 
increase in thickness as ageing progresses. Due to the small size of the precipitates and the 
limitation of EDS in the SEM it is not possible to qualify the compositions of the precipitates. 
Figures 8.6 and 8.7 show EDS maps of the 1 h and 200 h samples respectively. 
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Figure 8.5: Backscatter electron images of a CoNiCrAlY bond coat and the subsequent change after short 
term ageing at 940°C. 
(a) 
(b) 
(c) 
(d) 
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Figure 8.6: EDS map of a CoNiCrAlY bond coat after short term ageing at 940°C for 1 h. 
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Figure 8.7: EDS map of a CoNiCrAlY bond coat after short term ageing at 940°C for 200 h. 
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8.4 Long Term Ageing at 1000°C 
Unfortunately an LCO22 coating was not available for the long term ageing times and 
temperatures. Therefore it was necessary to compare the short term ageing results with those 
from a slightly different coating. The CT102 coating is of the same nominal composition as the 
LCO22 but is from a different vendor, hence there may be differences between the two coatings. 
Regrettably the long term ageing samples for CT102 are also at different temperatures and times 
to those previously examined. Therefore samples aged for 2,000 h and 10,000 h at 940°C are not 
available, instead samples aged for 2,000 h and 3,300 h at 1000°C have been examined for 
comparison purposes. 
 
  
   (a)       (b) 
  
  (c)       (d) 
Figure 8.8: Backscatter electron image of a CoNiCrAlY bond coat, aged for 2,000 h at 1000°C showing 
an overview of the microstructure (a), and higher magnification images of the main TGO, precipitates 
within the TGO and spinel/multi-oxide growth (b)-(d). 
 
Whilst the times and temperatures are different to the short term ageing there is a degree of 
similarity between them and the long term ageing samples. Figure 8.8 shows an overview of a 
sample aged for 2,000 h at 1000°C. The beta depletion zone has increased in size, moving further 
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into the bond coat. The TGO layer is continuous and of a consistent thickness throughout the 
sample. There are precipitates present which are generally relatively small in size but appear to be 
distributed fairly evenly throughout the TGO. The multi-oxide/spinel regions seen in the short 
term ageing samples are still present and have increased in size but not greatly in number. The 
TGO thickness has increased over that seen in the short term ageing quite significantly, with the 
2,000 h sample being ~8.5 µm thick and the 3,300 h sample being ~9 µm thick.  
 
Chemical composition maps of the 2,000 h at 1000°C sample (see Figure 8.9) show that the main 
TGO is aluminium rich. The aluminium map also illustrates the high level of outward diffusion of 
aluminium to facilitate the TGO growth, with a large depleted zone of aluminium (and therefore 
beta) clearly visible. The maps also show that the multi-oxide/spinel regions are rich in Cr, Co, 
Ni and Al. Due to the small size of the precipitates in the TGO and the resolution limitations of 
EDS in the SEM it is not possible to gain any chemical knowledge with regards to the 
precipitates, however more detailed work on the precipitates can be found in Chapter 9, Section 
9.5.1. 
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Figure 8.9: EDS Map of a CoNiCrAlY bond coat after long term ageing for 2,000 h at 1000°C, showing a 
multi-oxide region. 
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EBSD mapping (see Figure 8.10) shows the grain structures of the various layers. The bond coat 
microstructure appears relatively homogeneous although there are some very large grains present 
towards the bond coat/TBC interface. The TGO microstructure is very small with a grain size 
generally 1 μm or below. The TBC grain structure shows a significant variation in grain size. 
There are regions where the grain size is very small (considerably below 1 µm in some cases) but 
there are also much larger grain clusters where grain sizes are up to ~30 µm. The splat boundaries 
can be seen quite clearly and appear as dark lines surrounding the material in the TBC. Figure 
8.11 shows the EDS maps taken simultaneously with the EBSD that were used for phase 
discrimination of the γ, β and the thermal barrier coating. The aluminium map shows the large β 
depletion zone in the bond coat. 
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Figure 8.10: Image Quality + Inverse Pole Figure of a CoNiCrAlY bond coat after long term ageing for 
2,000 h at 1000°C showing an overview of the TBC/Bond Coat/Key Coat interface and the TGO. 
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Figure 8.11: EDS map from EBSD scan for a CoNiCrAlY (Bond Coat) 2,000 h at 1000°C showing an 
overview of the TBC/Bond Coat interface and the TGO formed there. 
 
15 µm 
Microstructural Analysis of a CoNiCrAlY Bond                                                                  Chapter 8 
164 
 
8.5 TGO Thickness 
Measurements of the oxide growth have been made after each ageing step through from the short 
term to long term ageing. Measurements were taken at several regions for each ageing 
temperature (using the process described in Chapter 3 Section 3.10) and the results averaged. 
Figure 8.12 illustrates the change in oxide thickness through the various short and long term 
ageing times at 940°C. The graph shows a steady increase in the oxide thickness during the short 
term ageing at 940°C and a large jump to the thickness in the long term ageing at 1000°C. The 
complete set of TGO measurements was taken and ranked from the lowest to the highest figure 
measured. Figure 8.13 shows this range of oxide thickness measurements taken across the 940°C 
samples. There is quite a large variance across any given sample, which increases with the ageing 
time. 
 
 
Figure 8.12: Graph showing the change in oxide thickness on a CoNiCrAlY bond coat after short term 
ageing at 940°C and longer term ageing at 1000°C. 
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Figure 8.13: Graph showing the range of oxide thickness measurements on a CoNiCrAlY bond coat after 
short and long term ageing at 940°C and 1000°C. 
 
8.6 Discussion 
Equilibrium thermodynamic calculations predict that at the temperatures of interest (940°C and 
1000°C) the phases present should be gamma and beta. Combined EBSD/EDS, whereby the 
chemical composition is used to discriminate phases, has shown that the experimental samples 
correlate well with the thermodynamic predictions. The measured and predicted chemical 
composition correlate well, although the Co and Cr readings are a little low compared to the 
predicted values and the Ni a little high. However, as before it may be that the microstructure is 
not at equilibrium and therefore some deviation is to be expected. 
 
SEM analysis of an as received sample showed a dark phase in a light matrix, much the same as 
the NiCoCrAlY and CoCrAlY samples, which as they are of a similar phase makeup is not 
unexpected. Correlating the EDS maps would suggest that the dark phase is beta and the light 
matrix gamma. A continuous aluminium oxide layer was noted at the bond coat/TBC interface. 
Short term and long term aged samples have shown an oxidation behaviour very similar to that 
seen in the NiCoCrAlY and CoCrAlY samples. An aluminium oxide forms very early on (after 1 
h) at the bond coat/TBC interface with a corresponding depletion of aluminium and the beta 
phase (high in Al) seen as aluminium diffuses out to form the aluminium TGO. At the lower 
ageing times however the beta depletion zone is larger than that seen in the NiCoCrAlY and 
CoCrAlY samples. However, a continuous oxide was noted in the as-received sample which may 
mean that comparatively more aluminium, and therefore beta, diffusion had taken place in the 
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CoNiCrAlY samples prior to the short term oxidation testing, hence the seemingly larger 
depletion zone after only a short time period. Multi-oxide/spinel regions and precipitates within 
the TGO begin to form after ~100 h and increase in size and number as ageing times increase. 
EDS shows that these regions are rich in Ni, Cr, Co and Al. Further work on these regions can be 
seen in Chapter 9 Section 9.7. However, the multi-oxide/spinel regions are nowhere near as large 
or numerous as those seen in the NiCoCrAlY and CoCrAlY systems. The precipitates that form 
within the TGO also appear to be of a lower level than those seen in the other systems, they also 
appear to be a mixture of small circular precipitates and also some ‘tail’ like precipitates that are 
long and thin and appear as though they may follow grain boundaries within the TGO. The 
precipitates are too small to qualify using EDS in the SEM, however, further work on the 
precipitates can be found in Chapter 9 Section 9.5.1.  
 
TGO thickness measurements were taken across all ageing times and temperatures. They showed 
a steady increase in the oxide thickness as ageing time increased. There was a large increase in 
the oxide thickness between the short term (aged at 940°C) and long term (aged at 1000°C) 
samples, most likely due to the increased diffusion at the higher temperature resulting in a faster 
oxidation rate. 
8.7 Summary 
Two slightly different CoNiCrAlY coatings were examined, both with the same nominal 
composition and spray method. An LCO22 coating was aged for times of 1, 10, 100 and 200 h at 
940°C and a CT102 coating was aged for 2,000 and 3,300 h at 1000°C 
 
There was good agreement between the thermodynamic calculations and experimental 
observations that the CoNiCrAlY consisted of gamma and beta phases at equilibrium. Similarly 
the predicted and measured compositions were in good agreement. 
 
Short term and long term ageing showed that upon ageing aluminium diffused out of the bond 
coat to form an alumina TGO. At short times the oxide formed was thin and correspondingly a 
small aluminium depleted layer was seen. As ageing times increased the oxide thickness and 
aluminium/beta depletion zone increased accordingly. In comparison to the NiCoCrAlY and 
CoCrAlY systems the beta depletion was far larger at short ageing times, however, a continuous 
oxide was noted on the as-received sample, suggesting some outward aluminium diffusion had 
already taken place. After approximately 100 h precipitates were seen within the TGO along with 
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small multi-oxide/spinel regions. Long term ageing showed an increase in the number and size of 
the precipitate and multi-oxide regions. EBSD mapping showed that the bond coat layers were 
relatively heterogeneous in the as received sample but became more homogeneous as ageing 
increased. The TBC showed a very complex, very heterogeneous grain structure that had a wide 
range of grain sizes (sub-micron to 30 µm in size). The grain size in the alumina TGO was small 
(1 µm and below). TGO measurements were taken after all ageing steps and showed a steady 
increase in thickness in the short term ageing at 940°C and a large jump in thickness in the long 
term ageing at 1000°C. 
 
Oxide measurements showed an increase in oxide thickness as ageing times increased. Samples 
aged at 1000°C showed a thicker oxide than those aged at 940°C most likely due to the increased 
diffusion at the higher temperature resulting in a faster oxidation rate. 
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Chapter 9 
9                      Oxide Morphology 
 
9.1 Introduction 
The oxide formation in MCrAlY systems is very important with respect to how the system will 
behave under service conditions. It is important to be able to predict service behaviour both for 
operational reasons as well as for the development of new bond coat designs. Therefore, how the 
oxide formation affects the rest of the system is a very important factor, which means it is vital to 
have an understanding of the actual oxides that form under service conditions and how they are 
influenced by aspects such as bond coat composition, processing parameters, thermal cycling etc. 
 
MCrAlY coatings work by providing a reservoir of elements that can react with oxygen to form a 
protective oxide. A protective oxide will ideally form very quickly initially followed by a 
reduction in the growth rate as time increases. The most important factor, however, is that should 
any oxide spall off the substrate it should ‘re-heal’, further increasing the life of the substrate. If 
providing a bond coat for a thermal barrier coating (TBC) then any spallation gives decohesion of 
the TBC.  
 
As a result an MCrAlY coating needs to fulfil two main objectives. Firstly, it must be designed 
such that it supports both the formation and the continued existence of a protective oxide in order 
to extend the lifetime of the substrate. It must also provide good adhesion for the TBC layer to 
avoid spallation as the worst scenario is that the TGO/TBC spalls off, metal temperature 
increases and the oxide layer is replenished until a point whereby a protective oxide can no longer 
be formed and deleterious oxide formations appear leading to damage of the substrate material.  
 
For the most part MCrAlY coatings possess the same basic microstructure with a gamma or 
gamma prime matrix and a beta second phase. There are several other phases that can form, 
including α-Cr and sigma. The compositions of MCrAlY coatings are tailored to work best in 
their particular environment. For instance, in most cases a reasonable amount of aluminium is 
included such that there is a reservoir of aluminium in the bond coat to enable the growth of a 
protective alumina layer (which has the desirable properties of being reasonably slow growing 
and is able to re-heal if spallation occurs). If corrosion is an issue then coatings with higher cobalt 
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contents are often used as they are thought to have a better resistance to fluxing. However, even 
changing compositions slightly can have an effect upon the behaviour of the system. Reactive 
elements are often added to MCrAlY coatings in order to improve the oxidation behaviour. They 
are thought to improve the oxide adherence, change the oxide growth mechanisms and generally 
be beneficial to the system overall. However, the levels and type of RE’s present in the MCrAlY 
can also affect the oxide formation as discussed in Chapter 2 Section 2.7.4.2, which is not always 
beneficial. 
 
Chapters 5-8 discussed the microstructural changes that occurred in four different bond coat 
compositions with respect to both the bond coat itself and the oxide formation. The oxides were 
characterised in terms of how they evolved from an as-received material up to longer term ageing 
times and their basic forms (compositions, thicknesses etc). This chapter examines the oxide 
formations in greater detail, analysing the different oxide formations in different MCrAlY 
compositions using energy dispersive x-ray analysis (EDS), low voltage electron backscatter 
imaging (LVBSE) and transmission electron microscopy (TEM). 
9.2 Thermally Grown Oxide Grain Structures 
Four separate bond coats have been discussed in Chapters 5-9 with respect to their 
microstructural evolution after ageing for various times and temperatures. In all four systems a 
continuous oxide formed during ageing which subsequently grew as ageing times increased. 
Within the cobalt containing coatings, the main differences in oxidation behaviour appeared to be 
the precipitate formations in the thermally grown oxide (TGO) (discussed in Section 9.5) and 
multi-oxide/spinel formations at the TGO’s top edge (discussed in Section 9.7). Whilst SEM and 
EDS can provide information on the TGO thickness and chemical composition of the oxides 
formed, it is not possible to look at the grain structures of the TGO. More quantitative 
microstructural information can be obtained using combined EBSD/EDX, however, the quality of 
the data for the TGO layer was compromised by the sub-micron grain size and preferential 
polishing of the TBC and bond coat during preparation. However, using a low voltage backscatter 
electron detector (LVBSE) in the focused ion beam scanning electron microscope (FIBSEM) also 
allows excellent contrast of the grain structure in all three layers, and there are no issues with 
preferential polishing. Working at low voltage (typically 3 kV) in backscatter mode reduces the 
beam penetration depth and therefore reduces effects from sub-surface particles. In addition, the 
proportion of diffraction contrast relative to ‘Z’ contrast is increased, hence allowing 
simultaneous imaging of the TGO and TBC layers. The TGO’s grain structure has been examined 
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in detail using LVBSE (i.e. after short and long term ageing) for the NiCoCrAlY, NiCrAlY, 
CoCrAlY and CoNiCrAlY (CT102, Elcoat 2185 and Co211) coatings. 
9.2.1 NiCoCrAlY Bond Coat 
After initial ageing times (i.e. 1 and 10 h) the oxide is very thin (typically under 1 μm for 1 h and 
just over 1 μm for 10 h). Because the TGO is so thin it is very difficult to discern the grain 
structure at these short time intervals, even at high magnifications, using the LVBSE technique. 
However, as the TGO thickness increases it is possible to examine the grain structure of the TGO. 
As ageing time increases there is the formation of columnar grains at the base of the thin initial 
equiaxed layer which elongate and grow further into the bond coat with time (Figure 9.1). Whilst 
the majority of the grain growth is columnar there are regions of equiaxed grains present within 
the main TGO. A TEM sample was taken to examine the thin initial oxide formed (after 1 h), in 
which the grain structure was not visible in LVBSE imaging. Figure 9.2 illustrates the grain 
structures in a NiCoCrAlY bond coat aged for 10 h at 940°C. A dual layer grain structure is 
present with a layer of equiaxed grains at the top of the oxide (TGO/TBC interface), and 
columnar grains at the base of the oxide (TGO/BC interface). However, there is a region of the 
TGO (in the centre of the image), which consists of columnar grains only (and is significantly 
thinner that the rest of the TGO). Above this region is a thin layer of multi-oxide growth with 
equiaxed grains. 
 
A two layer oxide structure has been noted before and linked to a particular growth mechanism. 
These oxides are generally thought to grow predominantly via cation diffusion (i.e. aluminium 
ions diffusing to the oxide interface), however growth via the inward transport of oxygen along 
oxide grain boundaries has been shown to change the structure of the oxide[42][79]. The inward 
oxygen transport produces an oxide with equiaxed grains near the oxygen interface and columnar 
grains adjacent to the substrate[42]. Bond coats that form oxides via cation diffusion (which are 
generally not doped by RE’s) show equiaxed grain structures with no columnar regions and with 
much reduced elongation of grains[42]. The columnar grains are thought to develop as a result of a 
preferred crystalline growth direction and mark new oxide formation and coarsen significantly as 
ageing time increases, whereas the equiaxed grains do not[42]. 
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Figure 9.1: FIBSEM LVBSE images showing the grain structures of the TGO and precipitate formations 
within the TGO in a NiCoCrAlY bond coat aged for 1, 10, 100, 200, 2,000 and 10,000 h at 940°C 
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Figure 9.2: TEM image showing the grain structure of the alumina in a sample aged for 10 h at 940°C. 
 
The two layer oxide growth seen in the NiCoCrAlY samples, would therefore suggest that the Y 
in the bond coat is of a sufficient level to dope the oxide, resulting in a change in a growth 
mechanism from cation to anion transport. The isolated region of TGO noted that is fully 
columnar in structure with an equiaxed multi-oxide formation above would suggest a similar 
growth mechanism, where the multi-oxide layer has formed initially from outward cation 
transport. The alumina has then formed after the multi-oxide from inward oxygen transport, 
hence the columnar only structure. This type of mixed oxide layer (multi-oxide with alumina 
beneath), is seen throughout the NiCrAlY samples. 
9.2.2 Other Cobalt Containing Bond Coats 
The other cobalt containing bond coat systems show similar TGO grain structures to those seen in 
the NiCoCrAlY system, with the main differences being the precipitate formations and the oxide 
thickness. LVBSE imaging of the other bond coat systems (including the NiCrAlY for 
comparison) after ageing for 2,000 h at 940°C can be seen in Figure 9.3. The grain structure of 
the TGO’s across all of the cobalt containing bond coats is very similar. An initial equiaxed layer 
sits above a columnar layer which extends into the bond coat. There are isolated regions of 
equiaxed grains in the main TGO (in place of the columnar structure), similar to those seen in the 
NiCoCrAlY, however the structure is predominantly columnar, thereby suggesting the oxide has 
formed via an inward oxygen transport mechanism. 
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Figure 9.3: FIBSEM LVBSE images showing the grain structures of the TGO and precipitate formations 
within the TGO after ageing for 2,000 h at 940°C in (a) NiCoCrAlY, (b) NiCrAlY, (c) CoCrAlY, (d) 
CoNiCrAlY Elcoat 2185, (e) CoNiCrAlY Co211, and after ageing for 2,000 h at 1000°C in (f) 
CoNiCrAlY CT102 bond coats. 
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9.2.3 NiCrAlY Bond Coat 
The NiCrAlY system shows a very different oxide structure from that of the cobalt containing 
bond coats, with an initial mixed chromium and aluminium oxide layer followed by an 
aluminium oxide which forms below this (Figure 9.4). As with the cobalt containing bond coats 
the grain structure can be difficult to discern at the short ageing times due to the small grain sizes. 
This is true for both the mixed oxide layers and the alumina layer. The alumina layer that forms 
beneath the mixed chromium/aluminium oxide is very similar to the alumina layers that form in 
the cobalt containing bond coat systems. There is no fine grained equiaxed alumina present, 
rather the columnar grains grow from the base of the mixed oxide layer (which does consist of 
fine equiaxed grains). As ageing times increase the columnar grains elongate, growing further 
into the bond coat. This columnar structure indicates that the growth mechanism is from inward 
oxygen diffusion which is logical because if the NiCrAlY system was controlled by cation 
growth of the oxide then the alumina layer would be expected to form at the TGO/TBC interface, 
i.e. above the mixed chromium/aluminium oxide. 
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Figure 9.4: FIBSEM LVBSE images showing the grain structures of the TGO and precipitate formations 
within the TGO in a NiCrAlY bond coat aged for 1, 10, 100, 200, 2,000 and 10,000 h at 940°C. 
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9.3 Thermally Grown Oxide Formations on Differing Composition MCrAlY 
Bond Coats 
EDS analysis in the SEM has shown the general compositions of the oxides formed after ageing 
for various times at representative service temperatures of 940°C (see Chapters 5-8). Further 
analysis using EDS in the TEM has been carried out on a number of samples in order to identify 
exactly which oxide phases are present. Selected area diffraction (SAED) has also been utilised to 
further identify the oxide phases present. 
9.3.1 Cobalt Containing MCrAlY Bond Coat Systems 
From the SEM analysis, it was clear that the cobalt containing MCrAlY systems form an 
aluminium oxide on ageing and various multi-oxide phases that are generally situated at the 
TGO/TBC interface. EBSD analysis of the TGO showed patterns consistent with alumina and 
EDS analysis in the SEM has also shown traces consistent with alumina. EDS traces from the 
TEM have also been taken and the peak heights analysed. The peak heights correlate well with a 
standard alumina trace. Further work using selected area diffraction (SAED) showed patterns that 
were consistent with α-alumina (Figure 9.5). The multi-oxide regions are more complex and are 
described further in Section 9.7 but generally consist of a mixture of Ni rich and Co rich multi 
oxides (also containing Cr and Al). 
 
 
Figure 9.5: A selected area diffraction pattern from the [0001] zone of alumina from a NiCoCrAlY bond 
coat sample, aged for 2,000 h at 940°C 
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9.3.2 NiCrAlY Bond Coat System 
The oxide system in the NiCrAlY bond coat system is slightly more complex than those seen in 
the cobalt containing bond coats. A multi-oxide TGO is formed, with a mixed chromium and 
aluminium layer forming initially, followed by an alumina scale as ageing times increase. Due to 
the complexity of the oxides formed in these samples, a TEM sample was taken across the 
interface (to encompass all layers, Figure 9.6(a)) in order that the oxide formations could be 
clarified. EDS analysis in the TEM showed in fact that the oxide formation in a NiCrAlY 
sampled aged for 2,000 h at 940°C appeared to consist of three main oxides. The oxides that form 
initially (i.e. in the first 1-10 h) are a mixed aluminium and chromium oxide and chromia. The 
main bulk of the initial oxide formed appears to be this mixed oxide with smaller amounts of 
chromia interspersed along the interface. Figure 9.6(b)-(d) shows an EDS map taken in the TEM 
showing the various regions. 
 
 
Figure 9.6: A HAADF image of a region of a NiCrAlY sample aged for 2,000 h at 940°C 
showing the three main oxide regions (a), and the respective elemental distribution maps for (b) 
O, (c) Al, (d) Y and (e) Cr. 
 
One must remember that this TEM sample is from a very small area (10 μm x 20 μm) and 
therefore it is too small an area sampled to draw any conclusions from for oxide variation 
throughout the sample, nevertheless, it is useful for identification purposes of the oxides present. 
EDS analysis conducted in the SEM of a larger area of oxide formation seems to indicate that 
chromia may be more widespread along the interface than suggested by the TEM sample (Figure 
9.7 (b)-(e)).  
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Figure 9.7: A STEM micrograph showing, (a) grain structures of a NiCrAlY sample aged for 2,000 h at 
940°C and SEM elemental maps showing, (b) the region of the TGO examined, (c) Al, (d) Cr and (e) O. 
 
  
Figure 9.8: A selected area diffraction pattern from the [0001] zone of (a) alumina and (b) chromia, from 
a NiCrAlY bond coat sample, aged for 2,000 h at 940°C 
 
Figure 9.7 shows an EDS map of a NiCrAlY sample aged for 2,000 h at 940°C and if one closely 
correlates the Cr, Al and O traces there are quite large regions of chromia, which appear to be 
sandwiched between an upper layer of the mixed aluminium/chromium oxide and the lower 
alumina formation. The chromia regions are not continuous along the interface whereas the multi-
oxide regions are continuous along the interfaces length. Analysis of the short term aged samples 
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(see Chapter 6, Section 6.3) would seem to suggest that the multi-oxide layer forms initially 
followed by the isolated chromia and continuous alumina layer. The aluminium oxide that forms 
beneath the mixed Cr/Al oxides has been analysed using EDS peak height ratios and SAED. The 
peak height ratios correlate well with alumina and the SAED patterns match that of α-alumina 
(Figures 9.8). 
9.4 Precipitates in the Bond Coat 
Yttrium-rich precipitates are commonly seen forming within an alumina TGO after both 
isothermal and cyclic ageing tests[39][40][42]. Yttrium is commonly added to MCrAlY compositions 
due to the beneficial effects that are seen with respect to oxidation rate and oxide adhesion (See 
Chapter 2, Section 2.7.4.2).  
 
After all of the layers have been sprayed, the whole system is generally heat treated. In most 
cases this heat treatment is in the form of a solution heat treatment for the Ni-superalloy whereby 
a typical heat treatment consists of 4 h at 1080°C. A NiCoCrAlY bond coat of an as received 
condition and after ageing for 10 h at 940°C and 10,000 h at 940°C have been examined, with 
respect to determining the form the yttrium takes in the bond coat. There are several different 
forms Y rich precipitates could take. Yttria formations are possible, however, most formations are 
Y and Al rich precipitates. Three compounds are known to exist in the Y2O3-Al2O3 system; 
yttrium aluminium garnet (YAG, Y3Al5O12), yttrium aluminium perovskite (YAP, YAlO3) and 
yttrium aluminium monoclinic (YAM, Y4Al2O9) [80][81]. 
9.4.1 NiCoCrAlY As-Received 
The as-received sample shows that there are a large number of yttrium rich particles present 
within the bond coat (Figures 9.9 and 9.10). These particles vary greatly in size with a number of 
very small particles (a large number of which appear to be at grain boundaries, with some at 
intragrannular sites) and some much larger particles, which again appear at grain boundaries and 
intragrannular sites. EDS peak ratio analysis showed there were several different Y precipitates 
present; YAG, YAP and Y2O3. 
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Figure 9.9: TEM micrographs of a NiCoCrAlY as-received sample showing the grain structure and Y 
particles within the bond coat (a) secondary electron image, and (b) HAADF image. 
 
 
Figure 9.10: EDS map of the Y particles within the bond coat in a NiCoCrAlY as-received sample 
showing (a) SE image, (b) Al map, (c) Cr map, (d) Co map, (e) Ni map, (f) O map, and (g) Y map. 
9.4.2 NiCoCrAlY After Ageing for 10 h at 940°C 
After ageing for 10 h at 940°C there are still a large number of Y rich precipitates present within 
the bond coat. Similar to the as-received bond coat, a wide variation in particle sizes is present, 
ranging from very small to quite large (Figures 9.11 and 9.12). Interestingly there are also some 
very large Y rich precipitates seen in the bond coat (in the order of 1 µm in size) which have not 
been seen previously. As in the as received sample EDS peak ratio analysis showed there were 
several different Y precipitates present; YAG, YAP and Y2O3. 
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Figure 9.11: TEM micrographs of a NiCoCrAlY sample aged for 10 h at 940°C showing (a) the grain 
structure, and (b) Y particles within the bond coat. 
 
Figure 9.12: EDS map o the Y particles within the bond coat in a NiCoCrAlY sample aged for 10 h at 
940°C showing (a) SE image, (b) Al map, (c) Cr map, (d) Co map, (e) Ni map, (f) O map, (g) Y map, and 
(h) Zr map.. 
9.4.3 NiCoCrAlY After Ageing for 10,000 h at 940°C 
A TEM sample of a NiCoCrAlY aged for 10,000 h at 940°C was taken at the bond coat/TGO 
interface. Unfortunately there is only a small amount of bond coat in the sample meaning a 
smaller area has been sampled for signs of Y rich precipitates. Figures 9.13 and 9.14 shows the 
NiCoCrAlY sample aged for 10,000 h at 940°C and shows the two small regions of bond coat at 
the bottom edge of the sample. 
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Figure 9.13: TEM micrographs of a NiCoCrAlY sample aged for 10,000 h at 940°C showing the grain 
structure and Y particles within the bond coat. 
 
    
 
    
Figure 9.14: EDS map showing the Y particles within the bond coat in a NiCoCrAlY sample aged for 
10,000 h at 940°C showing (a) SE image, (b) Al map, (c) Cr map, (d) Co map, (e) Ni map, (f) O map, (g) 
Y map, and (h) Zr map.. 
 
Due to the fact that the bond coat regions in this sample are very small it is not possible to 
positively identify a trend with respect to the number of Y precipitates present. One would expect 
these Y precipitates to have diminished over time as Y has diffused outward into the TGO 
forming the Y precipitates that are seen there, which appears to be the case here. However, due to 
the small area sampled it is not possible to conclusively say this has occurred throughout the 
sample. EDS peak ratio analysis showed there were several different Y precipitates present; 
YAG, YAP and Y2O3. 
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9.4.4 CoCrAlY After Ageing for 2,000 h at 940°C 
SEM analysis of the different cobalt containing bond coat systems has shown that differences can 
be seen between different compositions of bond coat and the precipitates formed in the alumina 
TGO. Chapters 5, 7 and 8 describes these differences between the NiCoCrAlY, CoNiCrAlY and 
CoCrAlY bond coats. One of the most noticeable differences between these bond coats is that in 
the CoCrAlY system the volume of precipitates present within the TGO appears much lower than 
in the NiCoCrAlY and CoNiCrAlY systems (as confirmed by precipitate counting in Section 
9.5.1.3). A TEM sample of a CoCrAlY aged for 2,000 h at 940°C was taken across the 
TBC/TGO/bond coat interface and the bond coat was examined for signs of any yttrium 
precipitates to compared to the NiCoCrAlY (Figures 9.15 and 9.16). 
 
  
Figure 9.15: TEM micrographs of a CoCrAlY sample aged for 2,000 h at 940°C showing the grain 
structure and Y particles within the bond coat. 
 
Y rich 
precipitates 
Y rich 
precipitates 
1 µm 250 nm 
Oxide Morphology                                                                      Chapter 9                        
 
184 
 
 
Figure 9.16: EDS map of the Y particles within the bond coat in a CoCrAlY sample aged for 2,000 h at 
940°C showing (a) SE image, (b) Al map, (c) Cr map, (d) Co map, (e) Ni map, (f) O map, and (g) Y map. 
 
Whilst there are yttrium rich precipitates present within the bond coat, there is a clear difference 
with those seen in the NiCoCrAlY samples. The number of particles present is vastly different 
with relatively few particles present within the CoCrAlY bond coat. The particle size distribution 
is also very different. Within the NiCoCrAlY samples, there was a range of small and large 
yttrium rich precipitates present, both along grain boundaries and at intragranular sites. The 
CoCrAlY only exhibits quite small yttria rich precipitates and they appear almost exclusively at 
intragranular sites. The precipitates seen in the NiCoCrAlY also exhibit clustering whereby there 
are a number of particles in close proximity (generally clusters of 4 or 5). The precipitates present 
in the CoCrAlY however appear much more isolated with generally only 1 or 2 precipitates in 
close proximity. The difference in the yttrium rich precipitates in the NiCoCrAlY and CoCrAlY 
bond coat systems may go some way to explaining the differences in the precipitates seen in the 
TGO’s. The NiCoCrAlY exhibits a far greater number of precipitates within the TGO and these 
are generally larger and in greater density than those seen in the CoCrAlY’s TGO. The number of 
yttrium rich precipitates in the bond coat therefore appears to be linked to the volume of yttrium 
precipitate formation within the TGO during ageing. EDS peak ratio analysis showed that the 
small number of precipitates in the CoCrAlY bond coat were YAG. Figure 9.17 shows the 
differences in the precipitates seen in the bond coat between a NiCoCrAlY and CoCrAlY bond 
coat. 
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Figure 9.17: TEM micrographs of Y precipitates in the bond coat for (a) a NiCoCrAlY bond coat as-
received, and (b) a CoCrAlY bond coat after ageing for 2,000 h at 940°C. 
9.5 Precipitates in the TGO 
9.5.1 Yttrium Precipitate Numbers in the TGO 
SEM analysis in Chapters 5-9 showed that whilst all systems formed an alumina TGO (of some 
kind or another) there were several oxidation characteristics that differed between the bond coat 
systems. One of these was the multi-oxide/spinel regions (discussed in Section 11.5) but the other 
was precipitation within the TGO itself. Whilst SEM analysis highlighted that there was a 
difference in precipitate numbers and size the LVBSE work on looking at the grain structures of 
the TGO showed excellent contrast between the precipitates and the TGO. Therefore LVBSE 
imaging was used for the quantification of precipitate numbers in the TGO at various stages of 
ageing. Precipitate numbers were measured over a set distance of TGO (approximately 300 μm 
for ageing times of 1-200 h, and between 300-600 μm for ageing times of 2,000 to 10,000 h) and 
then the average precipitate density per 10 μm oxide length was calculated. Figure 9.18 shows a 
selection of micrographs used for each bond coat to quantify the precipitate numbers. 
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Figure 9.18: FIBSEM LVBSE images showing the grain structures of the TGO and precipitate formations 
within the TGO after ageing for 2,000 h at 940°C in (a) NiCoCrAlY, (b) NiCrAlY, (c) CoCrAlY, (d) 
CoNiCrAlY Elcoat 2185, (e) CoNiCrAlY Co211 and for 2,000 h at 1000°C in (f) CoNiCrAlY CT102 
bond coats. 
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9.5.1.1 NiCoCrAlY Bond Coat 
A NiCoCrAlY bond coat was examined for ageing times of 1, 10, 100, 200, 2,000 and 10,000 h at 
940°C. Figure 9.19 shows the results of the precipitate numbers at each ageing step. The as-
received sample was not examined here as the TGO is extremely thin (~200nm) and therefore too 
small to quantify. 
 
 
Figure 9.19: Graph showing the number of precipitates per 10 microns of TGO (length) in the 
NiCoCrAlY bond coat. 
 
The number of precipitates does increases with ageing time. Whilst the precipitates do appear to 
coalesce during ageing it appears that the formation of new precipitates is still occurring well into 
the long term ageing as the precipitate number continues to rise. TEM analysis of samples aged 
for 2,000 and 10,000 h at 940°C (Sections 12.5.2.1 and 12.6 respectively), has shown that Y is 
still present at the alumina grain boundaries meaning new precipitate formation at these long 
ageing times is not unexpected. An increase in precipitate number as ageing time increases was 
also noted by Pint[42]. Figure 9.20 shows a comparison of the precipitates in the TGO in 
NiCoCrAlY samples aged for 10 h and 10,000 h at 940°C. 
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Figure 9.20: FIBSEM LVBSE images of a NiCoCrAlY sample aged for (a) 10 h, and (b) 10,000 h at 
940°C showing precipitate formations in the TGO. 
9.5.1.2 NiCrAlY Bond Coat 
Evaluating precipitate evolution in the NiCrAlY system is not quite as straightforward as in the 
NiCoCrAlY system. Unlike the cobalt containing bond coats, the NiCrAlY forms a mixed oxide 
layer first (aluminium and chromium rich) which appears as a grey/white formation in the 
LVBSE imaging. Unfortunately the precipitates that form in the alumina TGO (beneath the 
mixed oxide layer) appear very similar (i.e. grey/white) making it difficult to discern what are 
precipitates and what are regions of the mixed oxide layer (Figure 9.21). It is most difficult to 
differentiate these at the lower ageing times because the layer thicknesses are smaller and 
therefore the proximity of precipitates to the mixed oxides is higher. For the NiCrAlY bond coat, 
the 1 h sample was omitted from these measurements due to the alumina scale not having formed 
beneath the mixed oxide layer until the 10 h sample. The precipitate numbers seen in the 
NiCrAlY follow the same trend (Figure 9.22) as the NiCoCrAlY, increasing with ageing time. A 
coalescence of precipitates is seen in the long term aged samples, as previously seen in the 
NiCoCrAlY samples. However, as with the NiCoCrAlY samples it appears there is still Y 
available for the formation of new precipitates even after these long ageing times. Figure 9.23 
shows a comparison of the NiCoCrAlY and NiCrAlY precipitate numbers during ageing, and 
shows that the levels in each are very similar throughout short and long term ageing. Figure 9.24 
shows a comparison of the precipitates in the TGO in NiCoCrAlY samples aged for 10 h and 
10,000 h at 940°C. 
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Figure 9.21: FIBSEM LVBSE image showing the difficulty in discerning the difference between 
precipitates formed in the TGO, and the multi-oxide regions in a NiCrAlY sample aged for 10,000 h at 
940°C. 
 
 
Figure 9.22: Graph showing the number of precipitates per 10 microns of TGO (length( in the NiCrAlY 
bond coat. 
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Figure 9.23: Graph showing a comparison of the number of precipitates per 10 microns of TGO (length) 
in the NiCoCrAlY and NiCrAlY bond coats. 
 
    
Figure 9.24: FIBSEM LVBSE images of a NiCrAlY sample aged for (a) 10 h, and (b) 10,000 h at 940°C 
showing precipitate formations in the TGO. 
9.5.1.3 All Bond Coat Systems 
All of the cobalt containing bond coats i.e. NiCoCrAlY, CoCrAlY and CoNiCrAlY (CT102, 
Elcoat 2185 and Co211) where analysed for precipitate numbers in the TGO. A comparison of 
the precipitate numbers in the TGO for each systems can be seen in Figure 9.25 after ageing for 
2,000 h at 940°C (except for CoNiCrAlY CT102 which is aged for 2,000 h at 1000°C). 
Precipitates 
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Figure 9.25: Comparisons of the precipitate numbers per 10 microns of TGO in all MCrAlY 
compositions after ageing for 2,000 h at 940°C, except CT102 which was aged for 2,000 h at 1000°C. 
 
The results from the precipitate counting seem to agree reasonably well with the trends seen from 
the qualitative SEM analysis in Chapters 5-8. The NiCoCrAlY and NiCrAlY have very similar 
figures for the samples aged for 2,000 h and have the second largest numbers of precipitates, 
second only to the CoNiCrAlY Elcoat 2185. The CoCrAlY sample was noted as having a low 
fraction of precipitates in the TGO (in the SEM analysis) and this correlates well. TEM analysis 
has also shown that there appears to be a lower volume of yttrium rich precipitates present in the 
CoCrAlY bond coat which, one would expect to limit the precipitate formation in the TGO. The 
CoCrAlY bond coat also has the lowest nominal yttrium content (0.3 wt.%, compared to 0.5-1 
wt.% for all other coatings). From SEM analysis it appeared that the cobalt containing bond coats 
were reasonably similar in terms of the number of precipitates seen in the TGO, except for the 
Elcoat 2185 sample where there appeared to be an abundance of precipitates (some very large). 
This analysis has shown that in fact there is quite a bit of variation between bond coat systems. 
The Elcoat has a high number of precipitates however the NiCoCrAlY and CoNiCrAlY CT102 
bond coats are not far behind. The CT102 coating would be expected to have a high number of 
precipitates due to its higher ageing temperature (1000°C) increasing diffusion rates which is 
seen here having the second highest amount of precipitates. The three CoNiCrAlY coatings have 
the same nominal composition but are from different powder vendors, and in the case of the 
Co211 coating sprayed via a different technique (HVOF as opposed to LPPS). These three bond 
coats show very different numbers of precipitates, suggesting that precipitate formation in the 
TGO may be linked to the processing parameters of the bond coat (discussed in more detail in 
Chapter 10).  
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This method of counting precipitate numbers excludes certain aspects of the precipitates, such as 
size and also any density measurements. In most cases the precipitates are randomly distributed 
throughout the TGO without any significant clustering (except in the CoNiCrAlY Elcoat 2185 
samples). However any localised clustering was not taken into account with the precipitate 
counting calculations. Secondly, from the SEM analysis it appeared that the precipitates increase 
in size as ageing time increases. One might expect that the smaller precipitates seen in the early 
stages of oxidation could coalesce, forming larger precipitates at longer ageing times. This may 
suggest that in the longer ageing times the precipitate number may be low whilst the fraction is 
actually high, due to the increased precipitate size. This is not accounted for in these calculations. 
Whilst LVBSE imaging provides excellent contrast between the TGO and the precipitates it is 
still difficult to differentiate what exactly is a precipitate. TEM analysis has shown there to be 
several different compositions of precipitate present and there are also very fine precipitates that 
are not resolvable in LVBSE. Therefore no account is taken for the small precipitates not 
resolvable or the different precipitate compositions. Due to the convoluted nature of the TGO the 
distances the precipitates have been measured over are approximate i.e. they do not take account 
of peaks and valleys. 
9.5.2 Yttrium Precipitates in the TGO 
Ytrrium-aluminate precipitates are not uncommon in alumina TGO’s formed on MCrAlY bond 
coats. There are several different forms that these precipitates can take within an alumina TGO. 
Yttria formations are possible; however, most formations are combinations of Y and Al in 
precipitates. Three compounds are known to exist in the Y2O3-Al2O3 system; yttrium aluminium 
garnet (YAG, Y3Al5O12), yttrium aluminium perovskite (YAP, YAlO3) and yttrium aluminium 
monoclinic (YAM, Y4Al2O9)[80][81]. It is possible from EDS analysis to determine which form of 
precipitate is present, from the Y-Al ratio. YAG particles should have a ratio of ~0.6, YAP 
particle a ratio of 1 and YAM particles a ratio of 2. 
9.5.2.1 NiCoCrAlY 
SEM analysis of the as-received sample suggested that no oxide layer was present at the outer 
surface of the key/bond coat. TEM analysis however, showed a very thin (~200 nm) oxide at the 
key coat/TBC interface which is likely to have formed during the solution heat treatment. In a 
sample aged for 10 h there are a relatively large number of precipitates present in the equiaxed 
grains, however there are less present in the columnar grains (Figure 9.26).  
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Figure 9.26: TEM image showing the precipitates in the equiaxed region of the alumina in a NiCoCrAlY 
sample aged for 10 h at 940°C. 
 
This would suggest that either there had been sufficient Y at the interface to diffuse quickly to 
form precipitates in the initial oxide layer or the Y particles had been at the interface and 
enveloped by the growing oxide as per Toscano et al’s[40] mechanism. Samples aged for longer 
times showed a further build-up of precipitates throughout the oxide (Figure 9.27).  
 
 
Figure 9.27: TEM image showing the precipitates in the TGO of a NiCoCrAlY sample aged for 2,000 h 
at 940°C. 
 
Analysis of the NiCoCrAlY samples (using EDS peak ratios), aged for different times, both short 
term and long term ageing, showed that there were several different forms of Y precipitate 
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present. The vast majority of the precipitates analysed appeared to be YAG precipitates (Y-Al 
ratios of ~0.4-0.5) but there was also a smaller number of YAP (Y-Al ratios of ~0.8) precipitates 
present also. Neither of the two appeared to have formed at any preferential sites, with both 
intergranular and intragranular precipitates present. The precipitates in the bond coat in the as-
received sample were identified as YAP, YAG and Y2O3. It would therefore seem likely that 
whilst some of the YAG/YAP precipitates in the TGO may have been formed via Toscano et 
al’s[40] mechanism, some of them may have formed from Y diffusion into the TGO. There was 
evidence of Y segregation at the grain boundaries in the alumina (Figure 9.28) further suggesting 
that some precipitates within the TGO was from the grain boundaries initially supersaturated with 
Y. 
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Figure 9.28: EDS linescan across an alumina grain boundary in a NiCoCrAlY sample aged for 2,000 h at 
940°C showing (a) HADF STEM image (b) elemental distribution of Y across boundary. 
 
There are several ways that these precipitates could have formed during ageing, for instance 
Toscano et al[40] suggest that upon initial ageing the yttrium in the bond coat oxidises to form 
yttrium oxides in the bond coat at the TBC interface. The TGO then forms around these 
precipitates, and as ageing time increases, further subsequent diffusion of Y into the TGO leads 
to the formation of further Y precipitates in the TGO. As discussed in Section 12.4.1 there are 
indeed yttrium oxides present within the NiCoCrAlY and CoCrAlY bond coats. These 
precipitates are present in the unaged samples (i.e. as received, which have only received a 
solution heat treatment subsequent to the spraying processes) and appear to be randomly 
distributed throughout the sample. Chemical analysis of the particles suggests that they are yttria 
(Y2O3) particles, generally situated at grain boundaries (but also at intergranular sites) but are not 
necessarily at the bond coat/TBC interface, in fact some are several microns away. It would 
therefore seem unlikely that the precipitates seen in the TGO itself are formed purely via the 
mechanism suggested by Toscano et al[40]. What seems more likely is that a number of 
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precipitates in the TGO are formed in the way that Toscano et al suggests, but that the majority 
form at the TGO grain boundaries from outwardly diffusing yttrium from the bond coat. The fact 
that as ageing time increases, the number of precipitates also increases, coupled with the fact that 
Y is present at the grain boundaries in the TGO in the long term aged samples (10,000 h) would 
suggest that new precipitates are forming in the TGO. 
9.5.2.2 CoCrAlY 
SEM and LVBSE analysis has shown that the CoCrAlY bond coat had a much lower number of 
precipitates in the TGO compared to the other bond coat systems. Analysis of the bond coat at 
higher magnification showed a correspondingly low number of Y rich precipitates present also 
compared to the other bond coat systems. In a sample aged for 2,000 h at 940°C, there was a very 
small number of precipitates present in the TGO (Figure 9.29).  
 
 
  
Figure 9.29: TEM image showing the precipitates in the alumina TGO on a CoCrAlY sample aged for 
2,000 h at 940°C 
 
Unlike the NiCoCrAlY system, however, there was only one form of Y precipitate present in the 
CoCrAlY TGO, which was YAP (Y-Al ratios of ~0.85). The precipitates in the bond coat of the 
as-received CoCrAlY were identified from EDS peak ratios as YAG particles. This would 
suggest that the precipitates in the TGO have not formed via the mechanism proposed by 
Toscano et al[40]. The lack of Y precipitates seen in the bond coat would seem to support this, 
because a high density of precipitates was not observed and therefore it would seem unlikely a 
Alumina TGO Precipitates Bond Coat 
1 µm 1 µm 
Oxide Morphology                                                                      Chapter 9                        
 
196 
 
high proportion of them would have been incorporated into the growing TGO. Coupled to this, is 
the fact that all of the precipitates seen in the bond coat were identified as YAG. It is still possible 
that Y particles may form in the TGO via Toscano et al’s proposed mechanism as the sampling 
areas of the TEM samples are small and therefore it may be in another area they may have 
formed like this. EDS linescans across the alumina grain boundaries did however show a high 
level of Y segregation (Figure 9.30), suggesting it is possible that the particles precipitated within 
the TGO from the grain boundaries supersaturated with Y. 
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Figure 9.30: EDS linescan across an alumina grain boundary in a CoCrAlY sample aged for 2,000 h at 
940°C showing (a) HADF STEM image (b) elemental distribution of Y across boundary. 
9.5.2.3 CoNiCrAlY 
SEM and LVBSE analysis has shown that even though the two different CoNiCrAlY coatings 
(CT102 and Elcoat 2185) have the same nominal composition, there were some quite prominent 
differences between the precipitate formations. The Elcoat 2185 sample not only had a large 
number of precipitates present but they were also very large in size (Figure 9.31). The TEM 
samples taken from the CT102 samples (Figure 9.32) also showed a large number of precipitates 
present (more so than the NiCoCrAlY and CoCrAlY bond coats), although precipitate counting 
(Section 9.5.1.3) results suggested the NiCoCrAlY and CT102 coatings had a similar number of 
precipitates within the TGO. 
 
 
 
 
 
470 nm 
0.5 µm 
(a) (b) 
Alumina grain 
boundary 
Y 
Oxide Morphology                                                                      Chapter 9                        
 
197 
 
 
 
 
  
Figure 9.31: TEM image showing the precipitates in the alumina TGO on a CoNiCrAlY (Elcoat2185) 
sample aged for 2,000 h at 940°C 
 
 
  
Figure 9.32: TEM image showing the precipitates in the alumina TGO on a CoNiCrAlY (CT102) sample 
aged for 2,000 h at 940°C 
 
The precipitates analysed in the Elcoat 2185 sample appeared to be a mixture of YAM and Y2O3 
particles (with the Y2O3 particles generally being the very large precipitates), whereas the CT102 
precipitates appeared to be YAG and YAP precipitates. Unfortunately no as-received samples 
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were available for analysis and therefore it is not known what the original Y particles in the bond 
coat are like. However, the grain boundaries were analysed in the CT102 sample (aged for 2,000 
h at 940°C) and found to contain high levels of Y segregation (Figure 9.33). It is therefore 
possible that some particles may have precipitated within the TGO from the grain boundaries 
supersaturated with Y.  
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Figure 9.33: EDS linescan across an alumina grain boundary in a CoNiCrAlY sample aged for 2,000 h at 
940°C showing (a) HADF STEM image (b) elemental distribution of Y across boundary. 
9.6 Titanium Segregation 
Whilst Y rich precipitates forming within a TGO are quite commonly seen in MCrAlY coating 
systems, within a NiCoCrAlY 2,000 h at 940°C it was apparent that titanium rich precipitates 
were also present (Figure 9.34). This was surprising as there are only trace amounts of Ti present 
within the bond coat. However, diffusional calculations showed that it was possible for Ti to 
diffuse into the MCrAlY at 940°C up to the bond coat/TBC interface. Diffusional calculations 
were carried out using the combined thermodynamic and kinetic coupled model, using the IN738 
and NiCoCrAlY nominal compositions, the NiCoCrAlY layer thicknesses and ageing at a 
temperature of 940°C. After 2,000 h the model predicts 0.03wt.% Ti at the bond coat/TGO 
interface, whereas other elements in the coating are far lower (Mo and W = 0 wt.%, Ta = 0.00003 
wt.% and Nb = 0.0033 wt.%). 
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Figure 9.34: A NiCoCrAlY sample aged for 2,000 h at 940°C showing (a) A 
HAADF micrograph and the corresponding EDS chemical distribution maps showing 
Ti and Y-rich precipitates in the TGO. 
 
It would therefore seem likely that the titanium precipitates seen in the TGO have in fact formed 
from titanium that has diffused upwards from the substrate, through the bond coat and into the 
TGO itself. Figure 9.34 shows a HAADF image of Ti precipitates and corresponding elemental 
maps.  TEM analysis of a NiCoCrAlY sample aged for 2,000 h at 975°C also showed that Ti was 
present in the TGO. No Ti rich precipitates were noted in this case but there was segregation of 
Ti at the alumina grain boundaries. However, there was a high amount of both Ti and Y 
segregation present at the bond coat/TGO interface (Figure 9.35). It should be noted however that 
the TGO has pulled away from the bond coat meaning this interface could in fact have TGO on 
both sides and therefore the Ti peak seen may be in the TGO and not the bond coat.  
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Figure 9.35: A NiCoCrAlY sample aged for 2,000 h at 975°C showing (a) HAADF STEM micrograph 
(b) EDS linescans showing the Ti, (c) Y and (d) O elemental distribution across the bond coat/TGO 
interface. 
 
Grain boundary examination showed the Ti segregation to be very localised. This is not really 
surprising, because the Ti content in the substrate is fairly low (between 3.2 and 3.7 wt%), and 
therefore correspondingly the amount that could have diffused over 300 μm into the TGO would 
be expected to be fairly small. EDS analysis showed strong localised Ti segregation at grain 
boundaries (Figure 9.36). The grain boundaries that showed high Ti segregation also showed a 
corresponding reduction in Y at the grain boundaries. 
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Figure 9.36: A NiCoCrAlY sample aged for 2,000 h at 940°C showing (a) HAADF STEM 
micrograph with location of linescan across grain boundary, and EDS linescans showing the 
(b) Ti, (c) Y and (d) O elemental distribution across the highlighted grain boundary. 
 
The presence of Ti segregation at the grain boundaries is significant as the beneficial effects of 
reactive elements at the grain boundaries are well known with respect to reducing cation 
diffusion, thereby changing the predominant growth mechanism to inward anion transport, 
thereby reducing oxidation rates[42]. Consequently the presence of a highly mobile cation, such as 
Ti, at the grain boundaries would be expected to increase the grain boundary cation diffusion, 
which would have a knock-on effect on scale growth, most likely increasing the scale growth. 
 
It has already been discussed that a difference in grain structure can be seen when the TGO is 
growing from either anion or cation transport. Anion transport gives rise to an oxide which 
exhibits a ‘dual layer’ structure whereby the initial oxide consists of equiaxed grains and below 
this large columnar grains form which elongate into the bond coat. Cation transport usually gives 
rise to an oxide which exhibits equiaxed grain structures that do not coarsen significantly. If 
however the presence of Ti at grain boundaries increases cation diffusion one would expect a 
corresponding change in the grain structure. In the NiCoCrAlY sample aged for 2,000 h at 940°C 
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due to the localisation of the Ti one might also expect that any change in growth mechanism, and 
correspondingly grain structure may also be localised. From the LVBSE work analysing the grain 
structures of the TGO it was noted that whilst the grain structure appeared predominantly 
columnar under a thin initial equiaxed layer there were regions throughout that appeared to be 
equiaxed (Figure 9.37). Titanium precipitates were identified in NiCoCrAlY bond coat samples 
aged for 2,000 h at 940°C and 975°C. However, it was not possible to conclusively link high 
levels of titanium to these equiaxed regions of TGO. 
 
  
Figure 9.37: LVBSE images of a NiCoCrAlY sample aged for 2,000 h at 940°C, showing 
regions of equiaxed grains in the TGO. 
 
There are only trace amounts of Ti in the bond coat but diffusional calculations (using the 
combined thermodynamic and kinetic coupled model[64]), showed that Ti could diffuse from the 
IN738 substrate to the bond coat/TGO interface in the timescales examined. The Ti precipitates 
were very localised but within the immediate area high Ti segregation to the grain boundaries 
was also seen (with a corresponding reduction in the levels of Y at the grain boundaries).  
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9.7 Multi-oxide/Spinel regions 
Chapters 5-8 detail the thermally grown oxide evolution of four different composition MCrAlY 
coatings after ageing. In all of the Co containing bond coats (NiCoCrAlY, CoCrAlY and 
CoNiCrAlY, CT102/Elcoat 2185 and CT102) isolated multi-oxide/spinel formations were 
identified at the TGO/TBC interface after ageing. In the cobalt containing bond coat systems an 
alumina TGO is formed right from initial ageing and thin discontinuous multi-oxide/spinel 
formations form at the TGO/TBC interface shortly afterwards (~10-200 h at 940°C). After long 
term ageing the amount and size of these formations increases. In addition ‘bubble’ shaped 
regions of multi-oxide/spinel also appear. Figure 9.38 illustrates a number of multi-oxide regions 
in all of the cobalt containing bond coats. 
 
The multi-oxide/spinel regions are one of the areas of oxidation between the different bond coats 
that appear to stay reasonably constant, regardless of bond coat composition (excluding the 
NiCrAlY). Whilst there are obviously local differences between the different bond coat systems, 
the multi-oxide/spinel regions follow a similar pattern in all of them. They are all situated at the 
TGO/TBC interface; they all appear typically as ‘bubbles’ of oxide along with some limited thin 
scale sections; and they are all relatively sparse throughout the samples. The number of multi-
oxide/spinel regions over a samples length was quantified on samples aged for 2,000 h at 940°C 
on the NiCoCrAlY, CoCrAlY, CoNiCrAlY (Elcoat 2185 and Co211) and for 2,000 h at 1000°C 
for the CoNiCrAlY CT102 coating. Multi-oxide regions were counted over a length of just over 
2,000 μm. This length assumes a flat interface. The results are expressed in Figure 9.39 in terms 
of the average number of multi-oxide regions per 500 μm of interface. Comparing the number of 
multi-oxide regions with the number of precipitates in the TGO (Figure 9.40) shows that the bond 
coats with higher precipitate numbers, generally have a lower number of multi-oxide regions (and 
vica versa). The CoNiCrAlY CT102 sample does not fit into this pattern, however this has been 
tested at a higher temperature (1000°C).  
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Figure 9.38: SEM micrographs showing multi-oxide regions formed at the TGO/TBC interface after 
ageing for 2,000 h at 940°C in (a) NiCoCrAlY, (b) CoCrAlY, (c) CoNiCrAlY Elcoat 2185, (d) 
CoNiCrAlY Co211 and for 2,000 h at 1000°C in (e) CoNiCrAlY CT102 bond coats. 
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Figure 9.39: Comparison of the number of spinel regions per 500 microns in the Co containing MCrAlY 
bond coats, after ageing for 2,000 h at 940°C (except for CT102 which was aged for 2,000 h at 1000°C). 
 
 
 
Figure 9.40: Comparison of the number of precipitates and spinel regions in the cobalt containing 
MCrAlY bond coats after ageing for 2,000 h at 940°C (except for CT102 which was aged for 2,000 h at 
1000°C). 
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Taylor et al[41]  suggested that the formation of these multi-oxide ‘bubbles’ is linked to surface 
roughness and proposed a model that describes how the multi-oxide/spinel regions grow. In this 
model, the spinel regions form from a localised depletion of aluminium beneath the bond coat 
‘bubble’ or asperities that are present throughout the bond coat. In this region it is difficult for the 
Al to replenish due to necking of the particles and therefore the asperity reaches a level where a 
protective alumina can no longer be maintained, allowing breakaway oxidation to occur. 
However, re-healing of the alumina occurs beneath the asperity where the aluminium levels are 
higher, effectively ‘sealing off’ the multi-oxide/spinel ‘bubble’.  
 
EDS analysis of these multi-oxide/spinel regions in the SEM has shown that they are rich in Al, 
Co, Cr and Ni. Due to the fact that it is very likely that there are several oxides present within 
these regions a TEM sample was taken across one of these regions using the FIB in order for 
higher resolution analysis to be undertaken. Figures 9.41 and 9.42 show the resultant TEM 
sample of a region of multi-oxide/spinel surrounded on both sides by the main alumina TGO, 
with some isolated regions of TBC within the multi-oxide/spinel region, from a NiCoCrAlY aged 
for 2,000 h at 940°C. 
 
 
Figure 9.41: TEM image of a NiCoCrAlY sample aged for 2,000 h at 940°C showing a multi-oxide 
formation surrounded by alumina TGO. 
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Figure 9.42: TEM image of a NiCoCrAlY sample aged for 2,000 h at 940°C the multi-oxide formation (a) 
surrounded by alumina TGO (b) 
 
The first thing to note about the multi-oxide/spinel region is that it is incredibly fine grained, with 
a grain size far below that of the main alumina TGO. It can also be seen that at the multi-
oxide/spinel interfaces there appears to be a layer of very fine grained material. There seems to be 
several different regions within the multi-oxide/spinel region, which presumably correspond to 
different types of oxide. EDS mapping was carried out to characterise the multi-oxide/spinel 
regions in terms of composition (Figure 9.43). 
 
Figure 9.43: A HAADF micrograph and the corresponding EDS chemical distribution maps of a multi-
oxide formation of a NiCoCrAlY bond coat after ageing for 2,000 h at 940°C. 
 
Whilst it is clear that in general terms these multi-oxide/spinel regions do contain a combination 
of Al, Cr, Ni and Co oxides, there are several distinct regions of differing composition. Figure 
9.43 clearly illustrates that the upper right hand region has very distinct sections that are either Cr 
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Multi-
oxide/spinel 
Alumina 
TGO 
1 µm 1 µm 
1.5 µm
Oxide Morphology                                                                      Chapter 9                        
 
208 
 
or Ni rich. These multi-oxide/spinel regions are both fast growing and voluminous and as such 
will obviously have an effect upon the layers surrounding them (the TBC especially) and 
especially if thermal cycling occurs, due to the differences in thermal expansion coefficients. As 
these multi-oxide regions grow, it would be expected that further stresses will be imparted into 
the local regions, which could lead to crack formations and ultimately failure. 
 
Taylor et al’s[41] model suggests that the initial oxidation of a system leads to a much higher 
aluminium depletion rate in these asperities meaning that over a period of time they will lead to a 
chemical failure, i.e. breakaway oxidation. This correlates well with the behaviour seen in the 
NiCoCrAlY, CoCrAlY and CoNiCrAlY (CT102, Elcoat 2185 and Co211) coating systems where 
small discontinuous multi-oxide/spinel regions are noted after short ageing times but the larger 
‘bubble’ like regions do not form until longer aging times. The formation method put forward by 
Taylor et al[41 would mean that at some transitional stage the ‘bubble’ must be part formed. There 
is evidence of half formed ‘bubble’ regions in the long term ageing samples. Figures 9.44 and 
9.45 show a sample aged for 2,000 h at 975°C and 10,000 h at 940°C which show examples of 
this. In both cases alumina surrounds the circumference of the ‘bubble’ and has also re-healed 
across its base. The inside of the ‘bubble’ shows some bond coat remaining, with various multi-
oxide formations also present. 
 
   
              Analysis Area            Al               Co  
   
                      Cr           Ni              O 
Figure 9.44: EDS map of a NiCoCrAlY bond coat after ageing for 2,000 h at 975°C illustrating the 
formation of a multi-oxide/spinel region 
 
20 µm 
Oxide Morphology                                                                      Chapter 9                        
 
209 
 
   
              Analysis Area            Al               Co  
   
                      Cr           Ni              O 
Figure 9.45: EDS map of a NiCoCrAlY bond coat after ageing for 10,000 h at 940°C illustrating the 
formation of a multi-oxide/spinel region 
 
As ageing continues the ‘bubbles’ would be expected to be completely transformed to breakaway 
multi-oxide regions. Using a FIBSEM it is possible to take a series of cross-sections through one 
of these particles to build up a 3D image. Figure 9.46 shows a series of cross-sections through 
one such ‘bubble’ showing the ‘bubble’ particle completely encircled in alumina with breakaway 
oxides forming along its inside edge and bond coat within its centre.  
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Figure 9.46: Cross-sectional cut-through of a bond coat bubble that has started to form a breakaway oxide 
layer along the inside of previously formed alumina, in a NiCoCrAlY sample aged for 10,000 h at 975°C. 
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9.8 Summary 
Four MCrAlY bond coats have been examined in detail with respect to the oxidation behaviour. 
Three cobalt containing coatings (NiCoCrAlY, CoCrAlY and CoNiCrAlY) were examined, and 
all three showed the formation of an alumina TGO. A NiCrAlY coating was also examined, 
which showed a two layer formation of mixed Al/Cr oxide initially, followed by an alumina layer 
underneath this. 
 
All coatings showed a similar type of oxide structure. Using low voltage backscatter electron 
(LVBSE) imaging, the grain structures of the TGO can be determined. In all of the cobalt 
containing coatings the alumina showed an initial equiaxed layer with subsequent formations 
beneath this having a columnar structure (which elongated into the bond coat as ageing times 
increased). These oxides are generally thought to form via predominantly outward cation 
diffusion (i.e. aluminium ions diffusing to the oxide interface), which result in an equiaxed grain 
structure. This initial layer of equiaxed grains followed by columnar grains that elongate into the 
bond coat has been linked to oxide formation via inward oxygen transport due to doping of the 
oxide. This would therefore suggest that in the cobalt containing coatings there is sufficient Y in 
the bond coat to dope the oxide thereby changing the oxide growth mechanism. In the NiCrAlY 
coating the initial mixed oxide layer has equiaxed grains and the alumina shows columnar grains 
only. Again this suggests an inward oxygen growth mechanism, however whilst the Y in the bond 
coat may be doping the oxide, the presence of the initial oxide layer must also be affecting the 
growth mechanism. Quantification of the oxide formations on all coatings was also undertaken. 
Using energy dispersive x-ray (EDS) and selected are diffraction (SAED) analysis, the cobalt 
containing coatings all showed the formation of an alpha alumina TGO. The NiCrAlY however 
showed a mixed chromia and Al/Cr oxide layer forming initially, with an alpha alumina layer 
forming beneath this.  
 
The formation of precipitates within the alumina layers was seen across all bond coat systems. It 
is possible to form many types of precipitates, however Y precipitates are very common within 
the TGO of these systems. Several formation mechanisms such as Y becoming oxidised in the 
bond coat before becoming enveloped by the growing alumina, and Y diffusing into the alumina, 
segregating to grain boundaries, and precipitates forming in the alumina are possible. TEM 
analysis identified several Y precipitates within the bond coats of as-received samples for both 
the NiCoCrAlY and CoCrAlY coatings. The NiCoCrAlY showed a relatively large number of 
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precipitates at both inter and intragranular sites. There were several large (~ 1µm) precipitates 
however the majority were relatively small (<1 µm). EDS analysis showed peak ratios consistent 
with YAG, YAP and Y2O3. This therefore suggests that not only is the Y in the bond coat 
oxidising but it is also combining with Al to form Y-Al precipitates. The CoCrAlY showed a 
very different behaviour with far lower numbers of precipitates present in the bond coat. They 
were all very small (<1 µm) and at intergranular sites, there was also far less clustering of 
precipitates. EDS analysis showed peak ratios consistent with YAG only. As both of these bond 
coats had received solution heat treatments it is thought that any precipitate formations within the 
bond coat would have occurred during that time. 
 
SEM analysis suggested that whilst all bond coats showed precipitate formation within the 
alumina, there appeared to be differences in the number of precipitates between the different 
systems. LVBSE analysis was utilised in order to quantify the numbers of precipitates present 
within the TGO for all coatings. The NiCoCrAlY and NiCrAlY coatings were examined in detail 
from short to long term ageing. Both systems showed similar levels of precipitates with the 
NiCrAlY being slightly higher (an average of ~16 per 10 µm and 16.5 per 10 µm respectively, 
after ageing for 2,000 h at 940°C). The number of precipitates increased in a relatively linear 
fashion suggesting that whilst there may be some coalescence or coarsening of precipitates during 
ageing, new precipitates may be continuing to form right up to 10,000 h ageing. The other cobalt 
containing coatings showed a large variance in the number of precipitates within the TGO after 
ageing for 2,000 h at 940°C (1000°C for the CT102 coating). SEM analysis suggested the 
CoCrAlY to have the fewest precipitates which was confirmed using the LVBSE, showing almost 
half as many as any of the other coating systems. The CoCrAlY has the lowest nominal Y content 
in the bond coat which may go some way to explaining this. However, the other cobalt containing 
coatings showed similar levels of precipitates apart from the Elcoat 2185 system which was much 
higher than any other. The nominal Y content of the Elcoat 2185 is exactly the same as the 
CT102 coating yet there was a large disparity in the precipitate numbers. However, the bond 
coats are from different powder vendors, and therefore the processing parameters are probably 
different, which can affect aspects such as oxidation behaviour (Chapter 10 discusses this in more 
detail). 
 
Precipitates forming within the alumina TGO are generally some form of Y-Al-O precipitate. 
There are several different forms that these precipitates can take within an alumina TGO. Yttria 
(Y2O3) formations are possible, however most formations are other Y-Al precipitates. Three 
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compounds are known to exist in the Y2O3-Al2O3 system; yttrium aluminium garnet (YAG, 
Y3Al5O12), yttrium aluminium perovskite (YAP, YAlO3) and yttrium aluminium monoclinic 
(YAM, Y4Al2O9) [80][81]. EDS analysis of the various bond coats showed that no two coatings had 
exactly the same precipitates present. The NiCoCrAlY coatings showed the majority of 
precipitates in the TGO were YAG with a smaller number of YAP present. Analysis of the as 
received NiCoCrAlY bond coat showed YAG, YAP and Y2O3 precipitates were present. The 
CoCrAlY coating showed only YAP precipitates were present in the TGO, however only YAG 
were found in the as-received bond coat. This would therefore suggest that in the NiCoCrAlY 
coating it is possible that the precipitates formed within the bond coat and were subsequently 
enveloped by the growing TGO. However, large amounts of Y segregation at the alumina grain 
boundaries may also suggest that precipitation at the grain boundaries is also likely. The 
CoCrAlY coating shows completely different precipitates in the bond coat and TGO, therefore 
suggesting it is more likely that the precipitates have formed within the TGO, rather than being 
formed in the bond coat and becoming enveloped by the TGO. Again high levels of Y 
segregation at the alumina grain boundaries suggest this is not an unlikely scenario. Two 
CoNiCrAlY coatings with the same nominal composition were also examined. The precipitate 
counting analysis showed that there were large differences between the coatings even though 
their compositions are exactly the same. EDS analysis also showed that the precipitate types were 
different between them. The Elcoat 2185 coating showed a large number of precipitates (which 
were also very large in size), which were found to be YAM and Y2O3 precipitates (with the very 
large precipitates being Y2O3). The CT102 coating was shown to contain a mixture of YAG and 
YAP precipitates. Unfortunately as-received samples were not available for these coating systems 
and therefore it is not possible to compare the precipitates in the bond coat to those in the TGO. 
However, the CT102 coating showed high levels of Y segregation at the alumina grain 
boundaries suggesting the formation of precipitates at the grain boundaries is not unlikely. 
 
Y precipitates in the TGO are not uncommon, however upon examination of a NiCoCrAlY 
sample Ti rich precipitates were also seen. As there are only trace amounts of Ti in the bond coat 
this was unexpected. Diffusional calculations however, suggested that it was possible for Ti to 
diffuse to the bond coat/TBC interface from the substrate within the times and temperatures seen. 
Ti precipitates were not seen in all of the NiCoCrAlY samples and they were very limited in 
number when they were seen. This localisation may be due to the low levels of Ti within the 
system (~3.2-3.7 wt%) and the relatively large diffusion distances (~300 µm) resulting in only 
small amounts reaching the closest points of the interface. Titanium is a highly mobile cation and 
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as such would be expected to increase the grain boundary cation diffusion which could affect 
TGO growth. A change in the growth mechanism would be expected where the two layer 
(equiaxed and columnar) TGO grain structure would revert back to a fully equiaxed grain 
structure, where Ti is present. Regions were noted in the NiCoCrAlY TGO grain structures where 
isolated lengths of TGO had a fully equiaxed structure between sections of the two layer 
(equiaxed/columnar) oxide. However, it was not possible to positively link the presence of the Ti 
to these areas. 
 
Multi-oxide/spinel regions were another aspect of the oxidation behaviour that were linked to all 
bond coat systems, except the NiCrAlY. All cobalt containing systems (NiCoCrAlY, CoCrAlY 
and CoNiCrAlY) showed these formations at the TGO/TBC interface as ‘bubble’ formations or 
thin discontinuous scale regions. SEM analysis suggested that these formations were relatively 
consistent across all bond coats. However, LVBSE analysis showed that in fact there was some 
variance between samples. The NiCoCrAlY, CoCrAlY and CoNiCrAlY Co211 all showed 
similar levels whereas the CoNiCrAlY Elcoat 2185 and CT102 coatings were significantly lower 
(approximately by half). The formation of these regions is linked to asperities in the bond coat 
whereby aluminium diffusion cannot replenish the area quick enough and therefore breakaway 
oxides form leading to the multi-oxide/spinel ‘bubbles’. Therefore the difference in the numbers 
of these regions could simply be down to the number of asperities within the bond coat where the 
‘neck’ of the asperity is small enough to sufficiently limit the aluminium replenishment. EDS 
analysis of the multi-oxide spinel regions showed them to be rich in Al, Co, Cr and Ni oxides. 
TEM analysis of these regions showed them to be very fine grained and there were several 
distinct regions of oxide present (showing both Cr and Ni rich regions). The presence of these 
multi-oxide/spinel regions will have implications on the failure life of the system due to differing 
thermal expansion coefficients and the resulting introduction of complex stresses into the system. 
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Chapter 10 
10           The Effect of Processing Parameters 
10.1 Introduction 
The way the bond coat is processed can have a significant effect upon the behaviour and 
performance of the system, especially with respect to oxide formation. The powder size of the 
MCrAlY being sprayed can affect grain structures which, in turn will affect diffusion of elements 
and therefore oxidation characteristics[36]. The interface morphology can have several effects on 
the system from the nature of the oxide formation[39][40][41] to the magnitude of the stresses 
developed in the thermally grown oxide (TGO)[39][40][78], all of which can have different effects on 
the time to failure of a coating. 
 
This chapter seeks to compare two MCrAlY bond coats which had different initial processing 
parameters and compare any differences seen in the microstructural evolution and oxide 
formation after isothermal ageing. The two MCrAlY bond coats have the same nominal chemical 
compositions and were sprayed by the same LPPS method but using powders from different 
vendors. Table 10.1 shows the compositions, spray method and powder manufacturer of the two 
coatings investigated. 
 
Coating name Ni Co Cr Al Y Powder manufacturer Spray Technique 
CT102 32 38.3 21 8 0.7 Chromalloy proprietary powder LPPS 
Elcoat 2185 32 38.3 21 8 0.7 Elbar proprietary powder LPPS 
Table 10.1: Details of two different CoNiCrAlY bond coat systems, compositions in wt%. 
 
This is by no means a systematic investigation of the effect that processing parameters can have. 
Not enough information is known about the two coatings to truly compare the effects of changing 
parameters such as powder sizes, surface roughening techniques. However, this investigation has 
been undertaken from more of an industrial perspective where an end user (such as a power 
generation company) may decide upon the refurbishment of blades to use a powder of the same 
nominal composition as the original but from a different powder vendor. Whilst one might 
assume that because the composition is similar that the coating will behave similarly in service, 
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this may not be the case, and therefore the purpose of this investigation is to investigate any 
differences that could result from this type of scenario. 
10.2 CoNiCrAlY Microstructural Modelling 
The two MCrAlY coatings examined in this chapter are both of the same nominal composition. 
Therefore, the thermodynamic modelling results are exactly the same as only composition and 
temperature are taken into account.  
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Figure 10.1: MTDATA predicted phase map for CoNiCrAlY bond coat. 
 
Thermodynamic modelling was carried out using MTDATA in order to gain an idea of not only 
what phases should be expected at the temperature of interest but also their amounts and chemical 
compositions. Figure 10.1 shows the phase stability over a temperature range of 500-1400°C. 
One set of samples was aged at 940°C and the other at 1000°C, and therefore these two 
temperatures were chosen for detailed investigation. The phase stability plot shows that at low 
temperatures there is a mixture of gamma prime, sigma, beta and gamma, with beta being the 
most dominant. As the temperature increases the gamma prime and the sigma tail off whilst the 
beta reduces and the gamma increases. At the temperature of interest only gamma and beta are 
predicted. The results of the multiphase calculations at the temperatures of interest can be seen in 
Table 10.2, which depicts the phase amounts and compositions. 
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Composition (wt.%) Phase Phase amount at 940°C (%) Co Ni Cr Al 
Beta (β) 35.9 31.1 43.2 9.0 16.7 
Gamma (γ) 64.1 43.4 25.7 27.7 3.2 
 Phase amount at 1000°C (%)    
 
Beta (β) 32.8 30.7 43.3 9.1 16.9 
Gamma (γ) 67.2 43.1 26.5 26.8 3.6 
Table 10.2: Predicted phase proportions and compositions for a CoNiCrAlY bond coat at 940°C and 
1000°C. 
 
In order to compare the thermodynamic predictions with experimental samples EBSD was used 
for phase identification (analysing diffraction patterns caused by backscattered electrons 
diffracted by lattice planes) and EDS was used in order to determine phase compositions. The 
EBSD map can be seen in Figure 10.2. This map has been produced using ChI scan, therefore the 
beta phase has been additionally discriminated using the difference in aluminium content. The 
map was carried out on a CT102 sample aged for 2,000 h at 1000°C; no map is available for the 
Elcoat 2185 coating. The map shows a two phase coating with gamma and beta present. There 
appears to be a relatively even split of gamma to beta with the gamma forming an interconnecting 
matrix with beta as a secondary phase. 
 
   
(a)                  (b) 
Figure 10.2: EBSD Map of a CoNiCrAlY (CT102) bond coat aged for 2000 h at 1000°C showing (a) phase 
map and (b) EDS map for Al. 
 
No sigma is predicted at 940°C or 1000°C. To compare the thermodynamic predictions, EDS 
measurements were made from individual phases. Measurements were made on 20 separate 
grains of each phase and the results averaged; Table 10.3 presents the results for the CT102 
sample aged for 2,000 h at 1000°C. There is a reasonable correlation between the two, though the 
Co and Cr readings are a little low compared to the predicted values and the Ni values a little 
Min Max  Gamma 
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high. Unfortunately there is no EBSD/EDS data for the Elcoat2185 bond coat for comparison, 
however, it is expected that the phase’s and their compositions to be similar if not actually 
identical. 
Composition (wt.%) → 
Source Data Phase 
Co Ni Cr Al Y 
Beta (β) 30.7 43.3 9.1 16.9 0 Thermodynamic  
Calculations Gamma (γ) 43.1 26.5 26.8 3.6 0 
Beta (β) 17.9 ±0.29 59.0 ±0.35 6.1 ±0.29 17.0 ±0.28 0.0 ±0.02EDS Spot 
Measurements Gamma (γ) 35.0 ±0.15 38.8 ±0.18 22.0 ±0.14 4.0 ±0.09 0.2 ±0.08
Table 10.3: Comparison of predicted and measured phase compositions for a CoNiCrAlY sample aged for 
2000 h at 1000°C 
10.3 CoNiCrAlY CT102 Coating 
An overview of the microstructure of the CT102 coating after ageing for 2000 h at 1000°C can be 
seen in Figure 10.3. The bond coat is approximately 200 µm thick and the TBC approximately 
300 µm thick. A two phase microstructure can be seen in the bond coat, which Section 10.2 has 
shown to be the beta phase in a gamma matrix. There is a large depletion of the beta phase in the 
bond coat (see Figure 10.3) with depletion zones visible both at the bond coat/TBC interface 
(~100 µm), and the bond coat/substrate interface (~50 µm) (Figure 10.3 (b)).  
 
A continuous thermally grown oxide (TGO) is present at the bond coat/TBC interface. The TGO 
thickness is relatively consistent throughout the sample. The TGO thickness is ~8.5 µm thick. 
There are precipitates present throughout the TGO which are relatively small and distributed 
relatively evenly throughout the TGO (see Figure 10.4 (a)-(d)). There are also multi-oxide/spinel 
regions that have formed at the top edge of the TGO, they are present in both the form of 
discontinuous oxide layers but also ‘bubble’ particles in limited numbers (see Figure 10.4 (e)-(f)). 
These are relatively sparse throughout the sample and located at random intervals with no 
apparent pattern.  
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   (a)       (b) 
 
(c) 
Figure 10.3: Backscatter electron image of a CoNiCrAlY CT102 bond coat, aged for 2,000 h at 1000°C 
showing an overview of the microstructure (a) and higher magnification images of the beta depletion at 
the bond coat/TBC interface (b)-(c). 
 
EDS mapping of the 2000 h at 1000°C sample can be seen in Figure 10.5. The Al map clearly 
shows the presence of an aluminium oxide and the depletion of Al (and correspondingly the beta 
phase) can also be seen. The maps also show that the multi-oxide/spinel regions are rich in Cr, 
Co, Ni and Al. Due to the small size of the precipitates in the TGO and the resolution limitations 
of EDS in the SEM it is not possible to gain any chemical knowledge with regards to the 
precipitates, however more detailed work in Chapter 9, Section 9.5.2.3 has shown them to consist 
of YAG and YAP. The aluminium oxide has been shown to be consistent with alumina (see 
Chapter 9, Section 9.3.1) and has a grain size of ~1 µm. The grain structure has been shown to 
consist of an initial equiaxed layer which is followed by a columnar layer which forms 
underneath. This type of grain structure has been shown to result from oxide formations from 
inward oxygen transport (see Chapter 9, Section 9.2.2 for further details, including images 
showing the oxide grain structure). 
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   (a)       (b) 
 
  
(c) (d) 
 
  
  (e)       (f) 
Figure 10.4: Backscatter electron image of a CoNiCrAlY bond coat, aged for 2,000 h at 1000°C showing 
precipitates in the TGO (a)-(d), and multi-oxide/spinel regions (e)-(f). 
 
The bond coat/TBC interface at which the TGO has formed can be seen to be relatively smooth 
(Figure 10.3). Whilst there are a number of undulations throughout the samples they are relatively 
small i.e. the amplitude of the undulations is relatively low. There are however, relatively few 
sections of interface where these small undulations are not present. 
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Figure 10.5: EDS Map of a CoNiCrAlY bond coat after long term ageing for 2,000 h at 1000°C, showing 
a multi-oxide region. 
10.4 CoNiCrAlY Elcoat 2185 Coating 
An overview of the microstructure of the Elcoat 2185 coating after ageing for 2000 h at 940°C 
can be seen in Figure 10.6.  The bond coat is approximately 300 µm thick and the TBC is 
approximately 200 µm thick (compared to 200 µm and 300 µm thick respectively for the CT102 
coating). Backscatter electron images reveal a two phase microstructure in the bond coat, much 
like that seen in the CT102 coating. There appears to be a depletion of the dark phase below the 
bond coat/TBC interface of ~20 µm. There appears to be very little depletion of the dark phase at 
the bond coat/substrate interface. A continuous thermally grown oxide (TGO) is present at the 
bond coat/TBC interface. Unlike the CT102 system however the thickness of the TGO is not as 
consistent throughout the sample. There are regions at the base of concave sections of the 
interface that are significantly thicker than the bulk of the oxide (see Figure 10.7 (a)-(b)). 
 
40 µm 
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   (a)       (b) 
 
(c) 
Figure 10.6: Backscatter electron image of a CoNiCrAlY Elcoat 2185 bond coat, aged for 2,000 h at 
940°C showing an overview of the microstructure (a) and higher magnification images of the beta 
depletion at the bond coat/TBC interface (b)-(c). 
 
These thicker regions are generally only present where the curvature is quite steep and are not 
apparent where the curvature is shallower. The TGO thickness is approximately 5 µm, which is 
thinner than that seen in the CT102 system and is consistent with the lower ageing temperature. 
As with the CT102 system there are precipitates present within the TGO, however, they are very 
different in their formation. Whilst there is still a reasonably even distribution of relatively small 
precipitates throughout the sample there are clusters of much larger precipitates seen at the thick 
concave regions of oxide (see Figure 10.7 (c)-(d)). The precipitates in this region are not only 
larger but appear to form across the TGO layer (from edge to edge), unlike the other precipitates 
seen (see Figure 10.7 (c)-(d)). There are also multi-oxide/spinel regions that have formed at the 
top edge of the TGO, they are present in both the form of discontinuous oxide layers but also as 
‘bubble’ particles (see Figure 10.7 (e)-(f)). 
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   (a)       (b) 
 
  
(c)       (d) 
 
  
  (e)       (f) 
Figure 10.7: Backscatter electron image of a CoNiCrAlY Elcoat 2185 bond coat, aged for 2,000 h at 
940°C showing thick oxide at concave regions of interface (a)-(b),clusters of large precipitates in the TGO 
at the thick concave regions (c)-(d) and multi-oxide/spinel regions (e)-(f). 
 
EDS mapping of the 10,000 h at 940°C sample can be seen in Figure 10.8. The Al map clearly 
shows the formation of an aluminium oxide at the bond coat/TBC interface. Also, correlating the 
two phase structure seen in the SEM images shows the dark phase is high in Al (and therefore 
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beta), whereas the light matrix is high in Cr, Co, and Ni (and therefore gamma), as also observed 
in the CT102 coating. The maps also show one of the multi-oxide regions above the TGO, which 
is rich in Co, Cr and Ni. Due to the small size of the precipitates in the TGO and the resolution 
limitations of EDS in the SEM it is not possible to gain any chemical knowledge with regards to 
the precipitates, however more detailed work in Chapter 9, Section 9.5.2.3 has shown them to 
consist of YAM and Y2O3 (with the larger particles generally being Y2O3). The aluminium oxide 
has also been shown to be consistent with alumina (see Chapter 9, Section 9.2.2) and has a grain 
size of 1 µm and below. The grain structure has been shown to consist of an initial equiaxed layer 
which is followed by a columnar layer which forms underneath, similar to that seen in the CT102 
system. This type of grain structure has been shown to result from oxide formations from inward 
oxygen transport (see Chapter 9, Section 9.2.2 for further details, including images showing the 
oxide grain structure). 
 
   
          Analysis Area                         Al                 O 
   
   Co           Cr               Ni 
Figure 10.8: EDS Map of a CoNiCrAlY bond coat after long term ageing for 10,000 h at 940°C, showing 
a multi-oxide region. 
 
A major difference between the Elcoat 2185 system and the CT102 is that of the interface 
morphology. Whilst the CT102 coating shows quite small undulations throughout the sample the 
Elcoat 2185 shows much larger undulations. However, there are a relatively small number of 
undulations throughout the sample (Figure 10.6). 
 
40 µm 
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10.5 Surface Roughness Measurements 
In order to try and determine the surface roughness differences between the two bond coat 
systems some basic measurements were undertaken. Several images, taken at the same 
magnification, of each bond coat were examined. A horizontal line across the image (in line with 
the bond coat/TBC interface) was used to compare the interfaces. A second measurement was 
then taken along the TGO/TBC interface (i.e. the original interface before the TGO was formed). 
The two measurements were then compared. Figure 10.9 shows an example of the measurements 
taken on a CT102 and an Elcoat 2185 sample. 
 
  
(a)       (b) 
Figure 10.9: Images showing the measurement technique used for evaluating the surface roughness of the 
CT102 (a) and Elcoat 2185 (b) bond coat systems. 
 
Whilst visually there are obvious differences between the CT102 and Elcoat 2185 samples, the 
measurements of the interfaces were very close to each other. This is most likely due to the fact 
that whilst the undulations in the Elcoat 2185 system are undoubtedly larger, there are more 
undulations across the CT102 system (albeit smaller in amplitude), resulting in similar distances 
across the interface.  
10.6 Discussion 
The two MCrAlY bond coat systems analysed both have the same nominal composition, 
however, the powders are from two separate vendors. The resultant microstructures after ageing 
are relatively similar. Both samples display a two phase (beta, gamma) bond coat microstructure 
and both form an aluminium oxide at the bond coat/TBC interface after ageing. Both systems 
show precipitate formations within the TGO and multi-oxide spinel regions above it. The oxide 
thickness is considerably thicker on the CT102 samples compared to the Elcoat 2185 samples (~9 
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µm compared to 5 µm); however, the CT102 samples are aged at 1000°C as opposed to 940°C 
for the Elcoat 2185 samples. This rise in temperature will produce an increase in outward 
aluminium diffusion from the bond coat, and therefore a thicker oxide is not an unexpected 
outcome. However, there are subtle differences between the two coating systems. Figure 10.11 
shows a comparison of the main features between the two different coatings. Whilst both form 
precipitates in the TGO, the CT102 shows a relatively even distribution of small precipitates 
throughout the whole sample. The Elcoat 2185 on the other hand shows heavy clustering of large 
precipitates at concave regions of TGO (Figure 10.11 (d) and (f)). There is also a localised 
increase in TGO thickness at these regions. The multi-oxide/spinel regions formed on both 
coating systems are similar in terms of their appearance; however there appear to be more 
‘bubble’ regions present in the CT102 samples (see Chapter 9, Section 9.7 for further details). 
 
One of the key differences between the two coatings is the difference in the bond coat/TBC 
interface. Surface roughness measurements have shown that whilst the Elcoat 2185 system shows 
relatively few large undulations, and the CT102 coating shows a high number of small 
undulations (Figure 10.11), measurements of the interface lengths were relatively similar. 
Unfortunately because this was not a systematic investigation it is not possible to link the 
differences in the surface morphology to specific differences in the powder 
morphology/processing parameters. 
 
However, one could speculate that the larger surface undulations seen in the Elcoat 2185 system 
may be due to the use of a larger powder size. Changing the morphology of the powder can have 
a significant effect upon the thermal cycling life of a system. It has been shown that a cryomilled 
powder in comparison with a powder in an as-received state (gas atomised), possessed a better 
thermal cyclic lifetime[36]. Another by-product of differing powder sizes relates to the grain size 
of the bond coat after spraying. A powder that has been cryomilled will have a much smaller 
grain size than that of a powder that has not been cryomilled[36]. One result of this much smaller 
grain size is that the Al diffusion toward the surface is much higher promoting a pure alumina 
oxide at the surface, however the increased Al diffusion leads to an accelerated Al depletion 
resulting in non alumina oxide formation after long term ageing[36]. In comparison a coating with 
a standard powder size did not have the same level of Al diffusion to support a fully alumina 
oxide and therefore spinel type oxide began forming much earlier on[36]. 
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(a)       (b) 
 
  
(c)       (d) 
 
  
(e)       (f) 
 
Figure 10.11: Images showing the differences between the CoNiCrAlY CT102 (aged for 2,000 h at 
1000°C) and Elcoat 2185 (aged for 2,000 h at 940°C) coatings in (a)-(b) the bond coat/TBC interface, (c)-
(d) precipitate formations in the TGO, and (e)-(f) multi-oxide formations at the top edge of the TGO. 
CoNiCrAlY CT102 CoNiCrAlY Elcoat 2185 
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Another important aspect to consider with changes in the surface morphology is the effect that 
they can have on the stresses imposed in the system. Stresses within the TGO are inevitable due 
to thermal mismatches between the oxide and the bond coat/TBC however, these stresses are 
normally compressive. A convoluted bond coat/TBC interface can add another complication into 
the stress states of the TGO. A ‘wavy’ interface can introduce a non-uniform stress distribution 
throughout the TGO and cooling can further complicate this due to the thermal mismatch and 
local curvatures resulting in significant tensile stresses developing along the exterior of the TGO 
with large stress gradients as it bends and contracts during cooling[78]. Wright et al[78] note that in 
a flat oxide, a biaxial stress will develop with the scale in compression and the bond coat in 
tension due to the thermal mismatch. Since the bond coat to TGO thickness ratio is large the 
compressive stress in the TGO will be much higher than the tensile stress in the bond coat and 
therefore no significant stress gradient will be present if no bending of the substrate occurs. 
However, if a TGO has convolutions localised bending is present. The TGO is in compression 
and during cooling the convolutions will steepen, tensile stresses will develop along the outside 
edge and significant stress gradients can occur.  This could suggest that whilst the CT102 and 
Elcoat 2185 systems may appear reasonably similar after isothermal ageing there could be a big 
difference in the performance of the two systems if thermal cycling is involved (which from an 
operational point of view is inevitable). 
 
The surface morphology can also have an effect on the oxidation behaviour. The formation of 
precipitates within the TGO can be greatly affected by the surface roughness of the bond coat. 
Toscano et al and Gil et al[39][40] both noted differences in the Y rich precipitate formation with 
regards to differences with the interface. Toscano et al[40] examined the differences between a 
ground surface finish and an as sprayed finish and discovered that on the as sprayed coatings the 
yttria precipitates were localised at the concave parts of the coating. In contrast on the ground 
samples the precipitates were much more uniform throughout the coating. They also noted that 
there was a higher oxide thickness in the concave regions compared to the convex, which was 
related to the more extensive incorporation of yttrium into the scale on the concave regions. Gil et 
al[39]  noted a similar effect where the concave regions exhibited a thicker oxide with a much 
higher percentage of yttria precipitates incorporated, where as the convex and flatter regions of 
oxide exhibit minor yttria precipitates and a thinner oxide scale. Gil et al[39] put forward a 
mechanistic explanation for the observed preferential formation of the yttria precipitates. It is 
suggested that the Y is preferentially oxidised at the surface in the early stages due to its high 
affinity for oxygen. The Y is rapidly depleted at the convex surfaces due to a higher surface to 
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volume ratio, after which it begins to deplete from the bulk of the material, mainly to form the 
precipitates. The localisation at the concave regions is put down to several factors. Firstly the 
diffusion path is shorter from the bulk to the concave regions and secondly due to a slower Al 
depletion from the concave regions the Al-Y activity remains high for longer times therefore 
sustaining a high driving force for the formation of the Y-Al precipitates. The findings from the 
Elcoat 2185 and CT102 coatings show some close similarities to the work of Toscano and Gil. 
The Elcoat 2185 bond coat shows large undulations at the interface and correspondingly shows a 
localisation of both precipitates and increased TGO thickness at the concave regions. The CT102 
sample on the other hand shows a relatively large number of small undulations and does not 
exhibit this localisation of precipitates and increased oxide thickness. 
 
Multi-oxide /spinel formations have also been shown to be linked to the surface morphology of 
the bond coat. Taylor et al[41]  suggest that the formation of these multi-oxide ‘bubbles’ is linked 
to surface roughness. Their proposed model suggests the spinel regions form from localised 
depletion of aluminium beneath bond coat ‘bubbles’. The necking of these particles makes it 
difficult for Al to replenish them, and therefore breakaway oxidation occurs (see Chapter 2, 
Section 2.7.3 for further details). 
10.7 Summary 
Whilst this has not been a systematic investigation into the effects of changing process 
parameters on the microstructural evolution of MCrAlY coatings, definite differences can be seen 
between two MCrAlY bond coats, with the same nominal composition and spray process, but 
from different powder vendors. 
 
Both the CT102 and Elcoat 2185 CoNiCrAlY systems show a similar microstructure after ageing. 
A two phase gamma/beta microstructure is present in both after ageing for 2000 h at temperatures 
of 1000°C (CT102) and 940°C (Elcoat 2185). A much higher depletion of aluminium and the 
beta phase is seen in the CT102 coating; however, this is most likely due to the increased 
temperature and therefore faster diffusion rates. Both systems form an aluminium TGO with 
precipitates forming in the TGO and multi-oxide/spinel regions forming at its top edge. The 
CT102 coating shows an increased TGO thickness over the Elcoat 2185 coating, again probably 
due to the increased temperature and faster diffusion rates. 
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Whilst interface measurements showed similar results for both bond coat systems, the Elcoat 
2185 sample appears to have larger undulations compared to the CT102 bond coat system. 
Several studies have linked the surface roughness to the thermal cycling life of a coating. A 
‘wavy’ coating interface can result in non-uniform stress distributions, which on cooling can 
induce significant tensile stresses along the exterior of the TGO[78] and therefore increase the 
likelihood of cracking. This may suggest that whilst the CT102 and Elcoat 2185 systems appear 
similar in isothermal ageing, introducing cyclic operations could result in a big performance 
difference between the two systems. 
 
Whilst both the CT102 and Elcoat 2185 systems both develop an aluminium TGO at the bond 
coat/TBC interface, several differences were noted between the two systems. Both systems show 
precipitate formations in the TGO but whilst in the CT102 coating they were generally small and 
relatively evenly distributed, in the Elcoat 2185 system at concave regions of TGO there was 
clustering of large precipitates. There was also a localised increase in the TGO thickness at these 
regions. Gil et al and Toscano et al[39][40] both noted a clustering of large Y precipitates at 
concave regions of TGO where the interface was rough. They suggest that the Y is preferentially 
oxidised at the surface in the early stages of oxidation due to its high affinity for oxygen. The Y is 
rapidly depleted at the convex surfaces due to a higher surface to volume ratio, after which it 
begins to deplete from the bulk of the material, mainly to form the precipitates. The localisation 
at the concave regions is put down to several factors. Firstly the diffusion path is shorter from the 
bulk to the concave regions and secondly due to a slower Al depletion from the concave regions 
the Al-Y activity remains high for longer times therefore sustaining a high driving force for the 
formation of the Y-Al precipitates. 
 
Both the CT102 and Elcoat 2185 systems also had multi-oxide/spinel regions forming at the top 
edge of the TGO. There were both small discontinuous regions of oxide, but also oxide ‘bubbles’. 
Taylor et al[41] suggests that the formation of these multi-oxide ‘bubbles’ is linked to surface 
roughness whereby  there is a localised depletion of aluminium in the bond coat ‘bubble’ regions 
due to necking of the bubble, making it hard for Al to replenish the area. Eventually a protective 
alumina can no longer be maintained and breakaway oxides form, creating the multi-oxide/spinel 
‘bubble’ regions. These multi-oxide/spinel regions will also induce complicated stresses into the 
system, both from the curvatures of the ‘bubbles’ but also from the differential thermal 
mismatches.  
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Chapter 11 
11             The Effect of Thermal Cycling 
11.1 Introduction 
One of the advantages of a gas turbine used for power generation over a conventional coal fired 
boiler/steam turbine combination is that the gas turbines can be started up from cold in a 
significantly shorter time. Therefore, it is common practice to cycle engines on and off in order to 
meet power demands, or indeed in order that a maintenance task may be completed. 
 
Stresses within the blades are also very complex; there are the operating stresses from the rotation 
of the blades in the engine but there are also stresses caused by a multitude of other factors. The 
growth of the oxide itself will impart a stress into the system, as can precipitates forming at sites 
within the oxide, such as the precipitates noted in Chapters 5-8. One important area that can 
impart stress further is the thermal cycling of turbine blades, because the thermal expansion 
coefficient of the oxide is generally lower than the metal substrate and therefore compressive 
stresses can occur during the cooling cycles. The issue with the differing stresses induced by 
cooling is that stress points can develop which will act as crack initiation points. As the blade is 
cooled and then brought back up to operating temperature there is the possibility of crack growth 
and if further thermal cycling occurs increased crack growth. The main issue is that the cracking 
can lead to spallation which will then lead to a depletion of elements in the bond coat, the 
possibility of breakaway oxidation and an increased risk of failure. 
 
The link between thermal cycling and coating cracking is not straightforward however. There are 
many factors that can affect the failure of the system and these also need to be taken into 
consideration. The geometry of the oxide can have an effect on the cracking of the TGO. Several 
papers have noted that more than one form of failure mode is seen within one sample, depending 
upon the area being examined[41][58][61][82]. 
 
This chapter seeks to compare the microstructural changes observed between samples that have 
undergone thermal cycling, and those that have only been subjected to isothermal ageing. 
Samples that have been thermally cycled are only available for certain bond coat systems and 
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ageing times, and for this reason the following bond coats will be examined in this chapter; a 
CoCrAlY bond coat and a CoNiCrAlY (CT102) bond coat, both sprayed by LPPS. 
 
Thermally cycled (TC) samples underwent the following process. Disc shaped specimens (~34 
mm diameter and 6 mm thick) were heated in a fluidised bed to 1000°C and subsequently cooled 
down with compressed air to 50°C with a maximum cooling rate of 31°C/s. All test pieces were 
cycled for 1000 cycles maximum. Typical inspection intervals were 1, 3, 5, 30, 100, 200, 300, 
400, 500 and 1000 cycles. The heating and cooling parts of each cycle took approximately 200 s 
(see Figure 11.1). Both isothermal and thermally cycled samples have been aged for 2,000 h and 
3,300 h at 1000°C respectively. 
 
 
Figure 11.1 : Typical thermal cycle generated during the thermal cycling tests. 
 
This chapter is not a systematic investigation into the effects of thermal cycling but rather a look 
at the differences that occur when samples which are nominally the same are subjected to a cyclic 
ageing process. The aim is to investigate the differences in the thermally cycled samples, 
especially with respect to the oxidation and any failure modes occurring, and see how they relate 
to previous studies on the failure modes in MCrAlY coating systems. The microstructural 
changes have been analysed, with respect to both bond coat microstructure and oxidation 
processes, as well as trying to determine the failure modes observed. 
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11.2 CoCrAlY Bond Coat System 
Chapter 7 details the microstructural evolution of the CoCrAlY bond coat from as-received (as 
sprayed but with a solution heat treatment) samples through short term (1, 10, 100, 200 h) and 
long term (2,000 and 10,000 h) ageing at 940°C. Whilst the temperature of the samples 
investigated here is higher, it would be expected that similar trends would be seen for the 
microstructural evolution and oxidation formations. 
11.2.1 Microstructural Modelling 
Microstructural modelling of the coating is shown in Chapter 7, Section 7.2. The calculations 
show that the coating consists mainly of beta in a gamma matrix. Table 11.1 shows the relative 
phase proportions and compositions at 1000°C. 
 
Composition (wt.%) Phase Phase amount at 1000°C (%) Co Cr Al 
Beta (β) 28.4 68.0 18.0 14.0 
Gamma (γ) 71.6 64.0 33.0 3.0 
Table 11.1: Predicted phase proportions and compositions for a CoCrAlY bond coat at 1000°C. 
11.2.2 As-Received Condition 
An ‘as-received’ sample is a sample that has undergone the spraying process and then received a 
solution heat treatment (for the Ni-superalloy substrate) but has not undergone any further heat 
treatments. An overview of the as-received sample can be seen in Figure 11.2. Analysing the 
samples using backscattered imaging gives excellent phase contrast within the bond coat showing 
a two phase structure is present.  
 
  
(a)       (b) 
Figure 11.2: Backscatter electron images of a CoCrAlY bond coat, in as-received condition at two 
different magnifications (a)-(b) 
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Figure 11.3 shows chemical composition maps of the as-received sample. There is a phase high 
in Al (beta) and a matrix high in Co and Cr (gamma). 
 
   
        Analysis Area                                        Al                                                    Co 
  
Cr            Ni 
Figure 11.3: EDS map of a CoCrAlY bond coat, in as-received condition showing an overview of the 
system 
11.2.3 Isothermal Ageing at 1000°C 
The samples aged for 2,000 h and 3,300 h at 1000°C show very little differences between them. 
A two phase structure can clearly be seen (see Figure 11.4) a dark phase in a light matrix in the 
bond coat. In both samples the bond coat is approximately 250 µm thick and the TBC 
approximately 300 µm thick.  There has been a severe depletion of the beta phase in the bond 
coat in both samples with only a relatively small band remaining towards the centre of the bond 
coat. A continuous thermally grown oxide has formed at the bond coat/TBC interface with the 
oxide thickness being ~5.5 µm and ~6 µm for the 2,000 h and 3,300 h samples respectively 
(appreciably larger than those seen in the samples aged at 940°C, see chapter 7 Section 7.5).  
 
40 µm 
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(a) (c) 
 
 
 
  
(b)       (d) 
Figure 11.4: Backscatter electron images of a CoCrAlY bond coat showing an overview of the system, 
after ageing for 2,000 h at 1000°C (a)-(b) and 3,300 h at 1000°C (c)-(d). 
 
 
  
Figure 11.5: Backscatter electron images of a CoCrAlY bond coat, after ageing for 2,000 h at 1000°C 
showing precipitates within the TGO. 
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Both samples isothermally aged for 2,000 and 3,300 h at 1000°C show the formation of 
precipitates within the TGO (see Figure 11.5) which are very few in number and small in size. 
The precipitates are distributed relatively evenly throughout the sample and do not appear to form 
at any locations preferentially. There are also numerous multi-oxide/spinel formations at the top 
edge of the TGO (see Figure 11.6). These formations are quite large in size and also widespread 
throughout the sample. 
 
  
(a)       (c) 
  
(b)       (d) 
Figure 11.6: Backscatter electron images of a CoCrAlY bond coat showing multi-oxide/spinel formations 
after ageing for 2,000 h at 1000°C (a)-(b) and 3,300 h at 1000°C (c)-(d). 
 
EDS mapping of a sample aged for 2,000 h at 1000°C can be seen in Figure 11.7. The Al map 
clearly shows the formation of an aluminium oxide at the bond coat/TBC interface. There are also 
some regions of Cr rich oxide and mixed Al/Cr oxide present at the upper surface of the TGO. No 
Al rich (beta) phase can be seen in this map due to the large size of the depletion zone. Due to the 
small size of the precipitates in the TGO and the resolution limitations of EDS in the SEM it is 
not possible to gain any chemical knowledge with regards to the precipitates, however more 
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detailed work in Chapter 9, Section 9.5.2.2 on samples aged at 940°C has shown them to be YAP 
precipitates. The multi-oxide/spinel regions are rich in Co, Cr and Al (see Figure 11.7). 
 
   
    Analysis Area              Al      O 
  
Co      Cr 
Figure 11.7: EDS map of a CoCrAlY bond coat after ageing for 2,000 h at 1000°C. 
11.2.4 Thermally Cycled Ageing at 1000°C 
As with the isothermal samples, the samples aged for 2,000 h and 3,300 h at 1000°C under cyclic 
conditions show very little to differentiate between them. Neither sample has suffered any 
spallation of the TGO or TBC layers. Imaging with backscatter electrons gives excellent phase 
contrast in the bond coat and a two phase structure can clearly be seen (see Figure 11.8) (a dark 
phase in a light matrix). In both samples the bond coat is approximately 250 µm thick and the 
TBC is approximately 300 µm thick. Similarly to the isothermal samples, there has been a severe 
depletion of the beta phase in the bond coat in both samples with only a relatively small band 
remaining towards the centre of the bond coat. A continuous thermally grown oxide has formed 
at the bond coat/TBC interface with the oxide thickness being ~5.5 µm and ~6 µm for the 2,000 h 
and 3,300 h samples respectively (appreciably larger than those seen in the samples aged at 
940°C, see chapter 7 Section 7.5). 
 
20 µm 
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(a) (c) 
 
 
 
  
(b)       (d) 
Figure 11.8: Backscatter electron images of a CoCrAlY bond coat showing an overview of the system, 
after ageing for 2,000 h at 1000°C + TC (a)-(b) and 3,300 h at 1000°C + TC (c)-(d). 
 
 
  
Figure 11.9: Backscatter electron images of a CoCrAlY bond coat, after ageing for 2,000 h at 1000°C + 
TC showing precipitates within the TGO. 
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As in the isothermal samples, both thermally cycled samples show the formation of precipitates 
within the TGO (see Figure 11.9) which are very few in number and small in size. The 
precipitates are distributed relatively evenly throughout the sample and do not appear to form at 
any locations preferentially. There are also numerous multi-oxide/spinel formations at the top 
edge of the TGO (see Figure 11.10). These formations are quite large in size but also widespread 
throughout the sample. 
 
  
(a)       (c) 
  
(b)       (d) 
Figure 11.10: Backscatter electron images of a CoCrAlY bond coat showing multi-oxide/spinel 
formations after ageing for 2,000 h at 1000°C +TC (a)-(b) and 3,300 h at 1000°C +TC (c)-(d). 
 
EDS mapping of a sample aged for 2,000 h at 1000°C can be seen in Figure 11.11. The Al map 
clearly shows the formation of an aluminium oxide at the bond coat/TBC interface. No Al rich 
(beta) phase can be seen in this map due to the large size of the depletion zone. Due to the small 
size of the precipitates in the TGO and the resolution limitations of EDS in the SEM it is not 
possible to gain any chemical knowledge with regards to the precipitates. As in the isothermally 
aged samples there are also some regions of Cr rich oxide and mixed Al/Cr oxide present at the 
upper surface of the TGO. 
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Figure 11.11: EDS map of a CoCrAlY bond coat after ageing for 2,000 h at 1000°C + TC. 
 
  
(a)       (c) 
  
(b)       (d) 
Figure 11.12: Backscatter electron images of a CoCrAlY bond coat showing internal oxidation in the 
bond coat after ageing for 2,000 h at 1000°C +TC (a)-(b) and 3,300 h at 1000°C +TC (c)-(d). 
20 µm 
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One of the major differences in the thermally cycled CoCrAlY samples is the internal oxidation 
of the bond coat.  Both the 2,000 h and 3,300 h samples show some level of internal oxidation but 
there is far more present in the 3,300 h sample (see Figure 11.12). The internal oxidation is 
present relatively close of the base of the TGO and is at a low level throughout. There is no 
apparent pattern as to it’s location in the samples however a number of regions have formed at 
pores/crack regions (see Figure 11.12 (c) and (d)). EDS analysis of this internal oxidation has 
shown it mainly consist of an aluminium oxide although there are chromium rich regions present 
also (see Figure 11.11 and 11.13). 
 
   
    Analysis Area              Al      O 
  
Co      Cr 
Figure 11.13: EDS map of a CoCrAlY bond coat after ageing for 3,300 h at 1000°C + TC showing a 
region of internal oxidation around a crack/pore. 
 
There is also a low level of cracking present within the sample aged for 3,300 h at 1000°C but 
none evident in the sample aged for 2,000 h at 1000°C. The cracks that have developed appear 
mainly to travel through the body of the TGO although there are regions where the crack deviates 
into the bond coat; these regions normally show signs of internal oxidation (see Figure 11.14 (a)-
(d)). 
 
20 µm 
The Effects of Thermal Cycling                                                             Chapter 11                     
 
242 
 
  
(a)       (c) 
  
(b)       (d) 
Figure 11.14: Backscatter electron images of a CoCrAlY bond coat showing cracking through the TGO in 
a sample coat aged for 3,300 h at 1000°C +TC (a)-(d). 
11.2.5 Discussion 
A CoCrAlY bond coat system has been examined with two sets of samples. One set has been 
isothermally aged for times of 2,000 and 3,300 h at 1000°C, whereas the other has been thermally 
cycled (following the cyclic profile shown in Figure 11.1) for the same times and temperature. 
 
Microstructurally the two sets of samples are very similar. Both show a two phase microstructure 
in the bond coat, which thermodynamic predictions have predicted to be a gamma/beta structure. 
There is a large depletion zone of the dark phase (beta) which is probably due to the outward 
diffusion of Al to form a thermally grown oxide, which is also seen in all samples. Both sets of 
samples show precipitates within the TGO, although they are limited in number and small in size. 
Multi-oxide/spinel regions are seen forming at the top edge of the TGO, which EDS analysis has 
shown to be Co, Cr and Al rich. 
 
Cracking 
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The main difference between the isothermally aged and thermally cycled samples is the presence 
of internal oxidation and cracking through the TGO in the thermally cycled samples. Due to the 
fact that no spallation of the TGO/TBC is seen, it would seem likely that the CoCrAlY thermally 
cycled samples are in the early stages of failure, where cracks have begun to form but are yet to 
reach a size that will cause spallation of the TGO/TBC. 
 
It is usual to have several different crack morphologies in a single sample and Echsler et al[82] 
noted that a range of different cracking morphologies could be identified within one sample. 
These were seen to range from through oxide cracks (Type B) cracks following both the 
TGO/TBC and TGO/bond coat interfaces (types A and C respectively) and cracks that run mainly 
through the TBC but also cross the TGO at certain points (Type D)[82] (see Figure 11.15) 
 
 
Figure 11.15: Schematic showing differing crack paths that can occur in one sample. Redrawn from[82]. 
 
It was noted that prior to the failure of a specimen, damage in the form of cracking within the 
TGO could be observed and at longer time periods were observed to be either type B cracks 
(through the oxide) or type D cracks initiating in the TGO and penetrating the TBC. The D type 
cracks were thought to initiate failure as they propagated through both TBC and TGO leading to 
partial delamination of the TBC over a sample. The CoCrAlY thermally cycled samples exhibit 
similar types of cracking in both the 2,000 h and 3,300 h samples, but only B type cracking; no D 
type cracks are observed. This would suggest that the CoCrAlY samples are fairly early on in 
their cyclic life and the formation and propagation of further B type and D type cracks would be 
expected after longer ageing times before failure occurs. 
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Echsler et al[82] also noted that the thermally cycled samples showed quite a high volume of 
internal oxidation in the form of a ‘cauliflower’ like inward growth. This internal oxidation was 
not present over the whole sample, however where internal oxidation was increased the cracks 
within the TGO seemed to change from dominantly D type to B type, and there were also the 
formations of faster growing spinel regions. It was suggested that this ‘cauliflower’ internal 
oxidation should cause a reduction in the roughness of the interface. An equation relating the 
onset or extension of interfacial damage or cracking by a critical compressive strain of an oxide 
scale on a metallic material during cooling[83], suggests that a decrease in the roughness 
amplitude should reduce the critical strain for the occurrence of damage, therefore meaning that 
regions showing this ‘cauliflower’ internal oxidation should reduce the likelihood of damage. 
Whilst the CoCrAlY samples do exhibit some internal oxidation, it is different in morphology 
from that noted by Echsler[82]. Firstly the internal oxide regions are far more limited in number 
and size and rather than being the ‘cauliflower’ type formation are made up of thin ‘legs’ of oxide 
radiating out from pores and are quite separate from the main TGO. Therefore it seems 
reasonable to suggest that the surface roughness may not have been reduced significantly and 
therefore the critical strain for the occurrence of damage may not have been reduced by a 
significant amount.  
 
As noted in Chapter 10 a ‘wavy’ interface can cause non-uniform stress distributions in the 
sample, leading to tensile stresses in the TGO on cooling, increasing the likelihood of crack 
initiation/propagation. The formation of the multi-oxide/spinel ‘bubbles’ (seen in the CoCrAlY 
samples here) are likely to further increase these non-uniform stress distributions. M Taylor et 
al[41], suggests that these stresses can be very high, in the order of 1 GPa within the thermal 
barrier coat (TBC) valleys after only 1 h at 1000°C. If these multi-oxide/spinel sections (formed 
from asperities) are numerous it is logical to assume that the out-of-plane stresses between them 
will be substantial, sufficient enough to nucleate sub-critical cracks within the TBC[41]. Figure 
11.16 illustrates the process. 
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Figure 11.16: Diagram showing how the volume change associated with multi-oxide/spinel ‘bubbles’ may 
lead to crack formation within the TBC. Redrawn from[41]. 
 
These cracks between the spinel formations cannot extend since at temperature there is no driving 
force for crack growth due to the out-of-plane stresses. However, if cooling occurs then the stress 
patterns can change due to the differences in thermal expansion and the geometry of the oxide[39]. 
The stresses that develop across the TGO during cooling can provide a driving force for new 
initiation points in the breakaway oxides[41] as well as extension of the cracks established during 
the isothermal periods. Whilst this exact behaviour is not seen in these CoCrAlY samples there is 
a large number of spinel asperities present throughout the samples and therefore it is reasonable 
to assume that the out-of-plane stresses which result could be acting as initiation points for 
cracking. 
 
Rabei et al[61]also suggests a mechanism for the formation and propagation of cracks whereby 
radial cracks form in the TBC as the TGO thickness increases due to stresses in the TBC normal 
to the interface. Whilst these cracks can penetrate quite far through the TBC they do not penetrate 
the TGO. On cooling the thermal expansion misfit causes appreciable tension normal to the 
interface between the TGO and the bond coat causing the interface to separate and rupture the 
TGO. The cracks formed in the TBC then tend to join up with the regions where the TGO 
ruptures and the crack propagates through the sample causing spallation. Figure 11.17 illustrates 
the process. 
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Figure 11.17: Cracking sequence suggested by the stresses due to growth and thermal misfit. 
Reproduced from[61]. 
 
Whilst this sort of mechanism could be seen purely on the convex regions of the interface it 
would be expected that the multi-oxide/spinel regions could also impact on this type of cracking 
mechanism. The breakaway oxidation at these ‘bubble’ regions will no doubt result in an increase 
in the stresses imparted which could therefore lead to cracking via the mechanism suggested by 
Rabei et al[61]. 
11.3 CoNiCrAlY CT102 
Thermally cycled samples were also available for a CoNiCrAlY CT102 coating aged for the same 
temperatures and times as the CoCrAlY system previously discussed. The main difference 
between the two systems, other than the composition, is that after both ageing times the CT102 
samples had failed, i.e. there was partial or total spallation of the TGO/TBC layers. 
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The CT102 samples have not been investigated in as much detail as the CoCrAlY samples, 
however, because they had failed a brief analysis has been included here. 
11.3.1 Isothermal Ageing at 1000°C 
An in-depth analysis of the isothermal samples and their behaviour after ageing can be found in 
Chapter 8 and therefore only a brief description will be included here. The samples aged for 
2,000 h and 3,300 h at 1000°C showed very similar trends between them. A two phase 
microstructure (shown in Chapter 8 to be gamma and beta) can be seen in the bond coat (see 
Figure 11.18). A large depletion of the beta phase is seen with only a small band left in the 2,000 
h sample and very little at all in the 3,300 h sample. A continuous oxide has formed at the bond 
coat/TBC interface. The oxide thickness is 8.75 µm and 9.25 µm for the 2,000 h and 3,300 h 
samples respectively. 
 
  
(a) (c) 
 
 
 
  
(b)       (d) 
Figure 11.18: Backscatter electron images of a CoNiCrAlY CT102 bond coat showing an overview of the 
system, after ageing for 2,000 h at 1000°C (a)-(b) and 3,300 h at 1000°C (c)-(d). 
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Both samples show the formation of precipitates within the TGO (see Figure 11.19) which are 
generally small in size but fairly high in number. They are distributed reasonably evenly 
throughout the TGO. There are also numerous multi-oxide/spinel formations at the top edge of 
the TGO (see Figure 11.19). These formations are quite large in size and widespread throughout 
the sample. 
 
  
(a)       (b) 
Figure 11.19: Backscatter electron images of a CoNiCrAlY CT102 bond coat, after ageing for 2,000 h at 
1000°C showing precipitates within the TGO (a) and a multi-oxide/spinel region (b).  
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   Co           Cr               Ni 
Figure 11.20: EDS Map of a CoNiCrAlY CT102 bond coat after long term ageing for 2,000 h at 1000°C, 
showing a multi-oxide region. 
40 µm 
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EDS mapping of a CoNiCrAlY CT102 sample aged for 2,000 h at 1000°C can be seen in Figure 
11.20. The Al map clearly shows the formation of an aluminium oxide at the bond coat/TBC 
interface. No Al rich (beta) phase can be seen in this map due to the large size of the depletion 
zone. The multi-oxide/spinel regions are rich in Co, Cr and Al (see Figure 11.20). 
11.3.2 Thermally Cycled Ageing at 1000°C 
After thermal cycling at 1000°C for times of 2,000 h and 3,300 h, both of the samples have failed 
(see Figure 11.21). Spallation of the TGO/TBC has occurred. The two phase microstructure in the 
bond coat (as seen in the isothermal samples) cannot be seen, suggesting the dark phase (beta) 
has been completely depleted from the bond coat 
 
  
(a)       (c) 
  
(b)       (d) 
Figure 11.21: Backscatter electron images of a CoNiCrAlY CT102 bond coat showing an overview of the 
system, after ageing for 2,000 h at 1000°C + TC (a)-(b) and 3,300 h at 1000°C + TC (c)-(d). 
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11.3.2.1 2,000 h at 1000°C + TC Sample 
After ageing for 2,000 h at 1000°C there is still some TBC present, although it has spalled (see 
Figure 11.22). There are regions where the TBC has spalled completely but also regions where 
the TBC has spalled but is still present. 
 
  
(a)       (b) 
  
(c)       (d) 
Figure 11.22: Backscatter electron images of a CoNiCrAlY CT102 bond coat aged for 2,000 h at 1000°C 
+ TC showing areas where the TBC has spalled completely (a)-(b) and areas where the TBC has spalled 
but is still present (c)-(d). 
 
In regions where the TBC has spalled completely there is a thick oxide present and also what 
appear to be mixed oxide regions. There is also a relatively large amount of internal oxidation 
present also (see Figure 11.23). The oxide is not continuous along the sample with sections where 
the TGO has spalled off leaving exposed bond coat. 
 
In the regions where the TBC is still present the oxide morphology is quite different. There is not 
a continuous oxide present. It would appear that cracking has occurred both through the 
TGO/TBC as there are regions of TGO still attached to the bond coat/TBC (see Figure 11.22 (c)-
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(d)) but also a large proportion of the sample has the TGO missing completely. Some regions also 
show cracking through the TGO itself. The oxide appears similar to the isothermal samples with 
precipitates in the TGO and multi-oxide/spinel regions present. 
11.3.2.2 3,300 h at 1000°C + TC Sample 
Unlike the 2,000 h sample, after ageing for 3,300 h the TBC has spalled completely and none is 
present throughout the sample, see Figure 11.23. 
 
  
(a)       (b) 
  
(c)       (d) 
Figure 11.23: Backscatter electron images of a CoNiCrAlY CT102 bond coat aged for 2,000 h at 1000°C 
+ TC showing areas where the TBC has spalled completely (a)-(b) and areas where the TBC has spalled 
but is still present (b)-(d). 
 
The oxide morphology is very similar to that seen in the sections of the 2,000 h sample where the 
TBC had spalled. There is a thick oxide present and also what appear to be mixed oxide regions 
present with a large amount of internal oxidation present. Precipitates can also be seen in the 
TGO (Figure 11.23). 
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11.3.3 Discussion 
As seen in Chapter 8 the CoNiCrAlY CT102 coating shows similar trends, in terms of its 
microstructural evolution and oxide formation, to the other cobalt containing bond coat systems 
(NiCoCrAlY and CoCrAlY). 
 
After thermally cycling for times of 2,000 h and 3,300 h both samples have suffered spallation of 
the TGO/TBC layers. In the 2,000 h sample there are still some regions where the TBC has not 
completely detached from the sample. However, the TBC/TGO has spalled and therefore the 
TBC seen is not present due to any attachment to the bond coat. In the regions where the TBC is 
still present, the oxide is not continuous and it appears as though cracking has occurred through 
both the TGO and TBC layers. Where there are sections of TGO present it appears relatively 
similar to that seen in the isothermal samples with precipitates present in the TGO. There are also 
multi-oxide/spinel regions present. In the 2,000 h sample (in regions where the TBC has spalled 
completely) and the 3,300 h sample a similar oxide morphology is seen. Whilst there is not a 
truly continuous oxide present, there are relatively few sections where exposed bond coat is 
present. There are some small sections of TGO still apparent, however the majority of the sample 
is covered in what appears to be mixed oxides. There is also a large amount of internal oxidation 
present also, which appears to initiate from both the original TGO and the mixed oxide regions. 
 
Due to the complete failure of the system it is difficult to say with any certainty the route the 
crack path has taken. However, due to the presence of sections where the TGO is still attached to 
the TBC and sections where the TGO is still attached to the bond coat one could speculate that 
cracking has occurred through both the TGO and the TBC. As discussed in the CoCrAlY system 
Eschler et al[82] suggested that a range of cracks through the TGO, along the interfaces and 
through the TBC could occur. Taylor et al[41] suggests that the multi-oxide/spinel regions (as seen 
throughout the CT102 samples) can result in significant out of plane stresses, which can act as 
drivers for crack initiation/propagation. Rabei et al[61] also suggests that the 
formation/propagation of cracks in the TGO whereby radial cracks can form, which then 
penetrate through the TBC but not the TGO. Upon cooling thermal mismatches between the 
TGO/TBC can then lead to cracking in the TGO resulting in significant cracking throughout the 
sample and spallation of the TGO/TBC. 
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Several other authors also cite the interface morphology as heavily influencing cracking 
behaviour. Haynes et al[58] noted variable damage depending upon the scale geometry where 
convex sections showed the highest damage with cracking appearing to initiate at the TGO/bond 
coat interface. The cracking was seen to be limited to the convex sections and does not appear to 
run further into the TGO (i.e. into the concave/flat sections). Haynes puts forwards a theory by 
Evans[60] which defines two modes of fracture in oxide scales under lateral compression, termed 
mode I and mode II. Mode I failure consists of a through thickness shear crack in the oxide layer 
that allows tensile cracks to wedge open along the oxide-metal interface (resulting in spallation), 
and occurs when the strength of the interface is higher than the compressive fracture strength of 
the oxide. Mode II occurs in the case of a relatively weak interface, when a pre-existing oxide-
metal delamination grows to some critical radius and then initiates scale buckling. Buckling 
generates a normal tensile stress at the perimeter of the defect, which drives further interface 
crack growth, causing spallation. The onset of scale buckling should be accelerated by convex 
surfaces due to a pre-existing tensile stress[58]. 
 
It is unclear as to why, under the same cyclic conditions, the CT102 samples have failed 
completely, and the CoCrAlY samples only show the early stages of cracking at the 
TGO/TBC/bond coat interfaces. Both systems nominally form similar oxides, i.e. an alumina 
oxide with multi-oxide/spinel regions forming at the TGO/TBC interface. Analysis of the multi-
oxide regions was conducted (Chapter 9, Section 9.7) and showed the CT102 samples to have 
similar levels of the multi-oxide regions to that of the CoCrAlY samples. This would suggest that 
if the multi-oxide regions were the main initiator for cracking than both bond coat systems would 
be similarly at risk. There are, however, several factors relating to the processing parameters of 
these samples that can greatly affect the stress state of the oxide, and therefore its propensity to 
initiate and grow cracks. Aspects such as the morphology of the spray powder and the interface 
morphology can affect the oxidation characteristics (type of oxide formed, oxide thickness), and 
the magnitude of the stresses developed within the TGO/TBC layers, all of which can have 
varying effects on the time to failure of the coating (Chapter 10 discusses this in more detail). It is 
therefore possible that any number of factors could have led to the large difference in coating life 
of the CoCrAlY and CT102 systems. Whilst there does not appear to be a huge difference in the 
oxide morphology, the interface morphology can have a huge affect on the stress states 
throughout a sample (see Chapter 10 for further details). It is therefore possible that the CoCrAlY 
and CoNiCrAlY CT102 systems may well have very different inherent stresses within the TGO 
which has resulted in the difference in their cyclic lifetimes. 
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11.4 Summary 
Thermal cycling of samples has been shown to have a large influence on the failure life of 
MCrAlY bond coat systems when compared with isothermal ageing. However, whilst the simple 
cycling of temperature does have an effect on the failure life there are also several other factors at 
work that can have an effect on the both the failure modes and life. Two bond coat systems have 
been analysed, a CoCrAlY and a CoNiCrAlY (CT102), both sprayed by LPPS. Samples were 
aged for 2,000 h and 3,300 h at 1000°C, half isothermally and half thermally cycled. All bond 
coats show a similar microstructure after ageing, an aluminium oxide formation with varied 
numbers and sizes of precipitates within the TGO and multi-oxide/spinel regions formed at the 
top edge of the TGO. Both systems showed a high depletion of the Al rich beta phase in the bond 
coat (more so in the thermally cycled samples). 
 
One aspect that is consistent between the two systems is the formation of multi-oxide/spinel 
‘bubbles’. Taylor et al[41] suggests that these regions and the geometry of the surface can heavily 
affect the failure mechanisms of these systems due to the stresses generated around these regions. 
Out-of plane stresses in the system can develop and can be very high (in the order of 1 GPa[41]) 
and if the spinel/multi-oxide regions are numerous the out-of-plane stresses can nucleate sub-
critical cracks in the TBC. Upon cooling the stress patterns change due to differences in thermal 
expansion coefficients and the geometry of the oxide meaning a driving force for crack 
propagation and new initiation points for breakaway oxides will occur. Rabei et al[61] also 
suggests a mechanism for the formation and propagation of cracks whereby radial cracks can 
form at convex regions of interface in the TBC due to stresses imparted from the TGO. On 
cooling the cracks are thought to penetrate the TGO, leading to spallation of the TBC layer. The 
multi-oxide/spinel ‘bubbles’ could also impart stresses in the TBC from thermal 
mismatches/growing stresses that could also result in cracking like that suggested by Rabei et 
al[61]. However, whilst both bond coat systems do contain these multi-oxide/spinel ‘bubbles’ they 
are do not appear to be a major factor in the initiation of cracks seen. Also, both systems contain a 
similar level of these regions, suggesting if they were a major factor in crack initiation, they 
would both be similarly at risk. 
 
The CoCrAlY system examined appears to be in the early stages of failure. Whilst there are some 
small cracks seen throughout the sample they are relatively small, low in number, and the 
TGO/TBC is still fully attached. Eschler et al[82] suggests that several different cracks can be seen 
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throughout one sample, from through oxide cracks (Type B) cracks following both the TGO/TBC 
and TGO/bond coat interfaces (types A and C respectively) and cracks that run mainly through 
the TBC but also cross the TGO at certain points (Type D)[82]. The D type cracks were thought to 
initiate failure as they propagated through the TBC and TGO resulting in spallation. The cracking 
in the CoCrAlY samples seem more in line with the B type cracking. 
 
The CoNiCrAlY CT102 samples examined have failed after both ageing times with complete 
spallation of the TBC. It was thought cracking had occurred both through the TGO and TBC 
layers. The aforementioned mechanisms by Taylor et al[41], Eschler et al[82] and Rabei et al[61] 
could all have played a part in the samples failure. Several other authors also cite interface 
morphology as influencing the crack behaviour. Haynes et al[58] noted a variable damage 
depending upon the scale geometry where convex sections showed the highest damage with 
cracking appearing to initiate at the TGO/bond coat interface. However, due to the complete 
failure of the samples it was difficult to ascertain the exact crack path through the sample and 
positively link it to any failure mechanisms that may have been present. 
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Chapter 12 
12             Conclusions and Further Work 
 
Coated nickel based superalloys are commonly utilised for turbine blades in both industrial and 
aero gas turbine engines. This is due to their high temperature strength and, when coupled with 
the use of ceramic thermal barrier coatings (TBC) and corrosion protective coatings, their 
resistance to the high temperature conditions (oxidation and corrosion resistance) experienced in 
service. Whilst the ceramic TBC enables use at temperatures significantly above the base alloy’s 
melting point, the oxidation/corrosion resistance stems from the formation of protective oxides 
formed due to the MCrAlY bond coats used.  
 
This project has focussed on the need to try and improve the knowledge of these complex 
systems and in particular the tendency to form different oxides. In service, RWE npower have 
experienced nominally identical components (with the same coatings, spray processes, running 
conditions etc) fail at significantly different intervals, some lasting tens of thousands of hours 
with numerous starts, and some failing after only very short running hours. Therefore, it was of 
interest to try and gain a better understanding of the mechanisms involved in the failure of these 
systems in order to try and be able to predict their behaviour in service more accurately. 
However, due to the complex nature of these systems there are many variables that can affect the 
failure mechanisms. Several aspects of the coating systems have therefore been investigated 
including the oxidation behaviour of the different coatings (differences in oxide formations), the 
effect of processing parameters (differing MCrAlY powders and spray techniques) and the effect 
of thermal cycling. Four bond coat systems were analysed; a NiCoCrAlY, a NiCrAlY, a 
CoCrAlY and a CoNiCrAlY coating. It should be noted that three coatings were examined from 
different powder vendors which had the same nominal chemical composition. 
 
Chapters 5-8 examined the microstructural evolution of the bond coat systems after isothermal 
ageing. Thermodynamic equilibrium calculations were used to predict phase 
amounts/compositions, which were then compared with experimental data. It was found that in 
general there was good correlation between predictions and experimental observations. The effect 
that cobalt has upon these systems was highlighted with very different phase structures and 
oxidation behaviour between the cobalt containing coatings and the NiCrAlY coating. The cobalt 
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containing coatings all displayed a gamma, beta and sigma phase structure and upon ageing an 
alumina TGO formed (with a corresponding depletion of the beta phase). The NiCrAlY coating 
however displayed a gamma prime, beta, α-chromium phase structure and a two layer oxide was 
formed in the NiCrAlY coating. Initially a mixed Al/Cr oxide formed with a corresponding 
depletion of the alpha-chromium phase, with alumina forming beneath this as ageing times 
increased. A definite beta depletion layer was not seen (as in the cobalt containing coatings); 
rather aluminium appeared to be depleted across the whole bond coat. All bond coats showed 
precipitate formation within the alumina TGO, and the cobalt containing coatings also showed 
localised multi-oxide/spinel regions. It would appear that the cobalt is to some extent promoting 
the formation of alumina over the chromia/mixed Al/Cr oxide. All coatings showed 
heterogeneous grain structures in the bond coat and TBC, which is probably linked to the variable 
cooling rates experienced in the spray process. Thermodynamic modelling showed that Co 
stabilises the beta phase and increases the likelihood of the formation of a gamma, beta, sigma 
coating rather than a gamma prime, beta, alpha-chromium coating. A combined thermodynamic 
and kinetic model was also used to identify changes in phase amounts across the coating over 
time. The model predictions of beta depletion (and a corresponding reduction in Al) at the bond 
coat/TCB interface matches that seen in the experimental samples, with the depletion increasing 
with ageing time. Prediction of changes in the other phases in the bond coat i.e. an increase in 
gamma at the bond coat/TCB interface, also correlated well with the trends seen in the 
experimental samples. 
12.1 Oxidation Behaviour 
The oxidation behaviour of the coatings was examined in more detail in Chapter 9 using high 
resolution techniques such as transmission electron microscopy (TEM) and low voltage 
backscatter electron (LVBSE) imaging for examining grain structures, and energy dispersive x-
ray (EDS) and selected area diffraction (SAED) for phase identification. All of the cobalt 
containing bond coats (NiCoCrAlY, CoCrAlY and CoNiCrAlY), showed a split structure in the 
oxide formed at the bond coat/TCB interface, with an initial TGO layer consisting of equiaxed 
grains, followed by subsequent columnar grains that elongate into the bond coat as ageing times 
increased. Generally alumina oxide formations on MCrAlY bond coats are thought to be from 
outward cation diffusion (i.e. aluminium diffusing to the bond coat/TBC interface) which 
produces a fully equiaxed oxide grain structure. However if Y is present in the bond coat in 
sufficient quantities it can dope the oxide resulting in a change in growth mechanism to inward 
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anion diffusion (i.e. oxygen diffusing in to the TGO/bond coat interface), which results in initial 
equiaxed grains and subsequent columnar grains that elongate into the bond coat[42][79]. That the 
cobalt containing bond coats show this split structure oxide is significant as it suggests that 
sufficient Y is present within the bond coats to change the growth mechanism. Growth due to 
inward anion transport also results in a slower oxidation rate, which is beneficial[42]. The 
NiCrAlY coating is slightly different as an initial mixed oxide of Al/Cr forms with equiaxed 
grains, followed by alumina which is fully columnar in structure. This would still suggest that the 
alumina is forming from inward anion diffusion, however, it is not clear if this is from the Y in 
the bond coat doping the oxide, the mixed Al/Cr layer acting as a barrier to outward Al diffusion, 
or a combination of the two. 
12.1.1 Precipitate Formations in the Thermally Grown Oxide 
Across all of the bond coats there was one aspect that was consistent, which was the formation of 
precipitates within the alumina TGO. There are several formation mechanisms possible, whereby 
Y can oxidise in the bond coat and become enveloped by the inwardly growing TGO, or Y can 
diffuse into the TGO, segregating at grain boundaries, where if the concentration is high enough 
precipitation will occur. TEM analysis of an as-received (nominally unaged) NiCoCrAlY and 
CoCrAlY bond coat showed several different forms of precipitate within the bond coat. The 
NiCoCrAlY contained YAG, YAP and Y2O3 and the CoCrAlY YAG only. This would therefore 
suggest that not only is Y oxidising in the bond coat but it is also combining with Al to form Y-
Al precipitates as well. The number of precipitates in each bond coat was very different however. 
The NiCoCrAlY showed a relatively large number of precipitates at inter and intragranular sites 
whereas the CoCrAlY showed much fewer precipitates, all at intragranular sites. The lower Y 
within the CoCrAlY bond coat (0.3 compared to between 0.5 and 1 for the other bond coats) may 
be influencing the lower precipitate numbers seen.  
 
The precipitate numbers within the TGO were also quantified for all bond coats (i.e. average 
number of precipitates per 10 µm). The NiCoCrAlY and NiCrAlY were measured from short to 
long term ageing and showed similar precipitate numbers (~16 per 10 µm and 16.5 per 10 µm 
respectively, after ageing for 2,000 h at 940°C), with the NiCrAlY being slightly higher. The 
precipitate numbers increased in a relatively linear fashion with increasing ageing time. Whilst 
some coalescence of precipitates may be expected, this linear increase would suggest that new 
precipitate formation may still be occurring after long ageing times (10,000 h). It is also possible 
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however, that new precipitates not previously measured are entering the detection limit of the 
technique. In terms of overall precipitate numbers the NiCoCrAlY, NiCrAlY and CoNiCrAlY 
CT102 were very similar and the CoCrAlY very low (approximately a quarter of the next highest 
bond coat). The CoNiCrAlY Elcoat 2185 had the highest number of precipitates and the 
CoNiCrAlY Co211 was of a level approximately three quarters of that seen in the NiCoCrAlY, 
NiCrAlY and CoNiCrAlY CT102 coatings. Whilst it is possible that the nominal Y content of the 
bond coats may be influencing the precipitate numbers there are obviously other factors also at 
work. The CoNiCrAlY Elcoat 2185 and CT102 coatings are of the same nominal composition yet 
the numbers of precipitates in the TGO are very different. It is therefore likely that factors such as 
the interface morphology of the bond coat/TBC and available Y in the bond coat are affecting the 
number of precipitates in the TGO, as well as changes in the initial processing. 
 
It has been shown that the number of Y-rich precipitates varies between bond coats. It was also 
observed that no two coatings demonstrated the same type of precipitate. In the NiCoCrAlY 
coating the majority of the precipitates were YAG with a smaller number of YAP present in the 
TGO. YAG, YAP and Y2O3 were identified in the bond coat of an as-received sample. The 
CoCrAlY showed only YAP present in the TGO but YAG in the bond coat of an as-received 
sample. High levels of Y segregation at the alumina grain boundaries was identified in both the 
NiCoCrAlY and CoCrAlY systems. Therefore, for the NiCoCrAlY coating it is possible that the 
YAG/YAP precipitates in the TGO are wholly formed in the bond coat and then enveloped by the 
inwardly growing TGO. However, the Y segregation at the alumina grain boundaries would also 
suggest that there is the possibility of precipitates nucleating at the grain boundaries as well. For 
the CoCrAlY the disparity between the precipitates seen in the bond coat and TGO, coupled with 
the high levels of Y segregation at the alumina grain boundaries could suggest that precipitates 
nucleating at the grain boundaries may be a more likely formation mechanism.  
 
The CoNiCrAlY coatings examined also showed a range of precipitates. The Elcoat 2185 bond 
coat had a small number of very large Y2O3 precipitates and smaller YAM precipitates present. 
The CT102 coating showed a mixture of YAG and YAP precipitates. Unfortunately, the as-
received samples were not available for these coatings and therefore it was not possible to 
compare precipitates seen in the bond coat and TGO. However, the CT102 coating showed high 
levels of Y segregation at the alumina grain boundaries and therefore the possibility of 
precipitates forming at the grain boundaries would seem likely. It therefore seems likely that 
there are several mechanisms by which precipitates can form. They may form in the bond coat 
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before becoming enveloped by an inwardly growing TGO, they may form in the bond coat 
become enveloped and then transform to a different chemistry, or they may form directly in the 
TGO from Y segregated at grain boundaries. The range of precipitates seen in the bond coats and 
TGO’s of the MCrAlY systems examined here (and the disparity between them), coupled with 
high levels of Y segregation at the grain boundaries in the TGO, would suggest that a 
combination of mechanisms is likely. 
 
It is not uncommon in these systems for Y-rich precipitates to form within the TGO; however 
analysis of a NiCoCrAlY sample identified the existence of Ti rich precipitates in samples aged 
for 2,000 h at 940°C and 975°C. Only trace amounts of Ti are present in the bond coat, making 
these Ti rich precipitates unusual, however diffusional calculations showed it was possible for Ti 
to diffuse from the substrate to the bond coat/TBC interface within the timescale of the ageing of 
the sample. The presence of a highly mobile cation such as Ti would be expected to increase 
cation grain boundary diffusion, in turn altering the oxide growth mechanism, which would be 
detrimental as it may lead to an increased rate of oxide growth. The Ti found in the NiCoCrAlY 
samples was very localised. This localisation of Ti at the grain boundaries would be expected to 
increase cation grain boundary diffusion, which in turn could result in localised regions where the 
oxide is fully equiaxed in structure. Several regions in the NiCoCrAlY samples were identified 
where the oxide possessed a fully equiaxed grain structure, however it was not possible to 
conclusively link Ti with these fully equiaxed regions. However, the implications of localised 
changes in the growth mechanisms would be localised differences in the oxide growth rate. 
Should this situation occur it is likely that complex stresses would arise in these regions, which 
could affect crack initiation/propagation, and therefore the failure life of the coating. 
12.2 The Effect of Processing Parameters and Thermal Cycling 
The effect that processing parameters and thermal cycling can have on the system was 
investigated in Chapters 10 and 11 respectively.  To investigate the effect of processing 
parameters two CoNiCrAlY coatings (CT102 and Elcoat 2185), were analysed with regard to 
interface morphology and microstructural evolution. Due to a lack of background information on 
the two coatings, a systematic investigation was not possible and therefore differences between 
the two were discussed in a more qualitative manner. The main difference between the two 
coatings was the interface morphology at the bond coat/TBC interface. Measurements of the 
interface showed that in fact the overall interface lengths were similar when taken over a set area, 
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however, visual examination indicated that the nature of the interfaces was very different. The 
CT102 coating had a high number of low amplitude undulations, whereas the Elcoat 2185 coating 
contained a lower number of high amplitude undulations. The surface roughness of an interface 
can greatly affect the failure life due to the non-uniform stress distributions developed, suggesting 
that the two coatings could behave very differently under harsher cyclic conditions. Interface 
morphology can also affect the oxidation behaviour. Whilst both coatings show precipitates in the 
TGO, the Elcoat 2185 coating shows clusters of large precipitates at convex regions of the 
interface with a corresponding increase in oxide thickness at these regions. The localisation of the 
large precipitates is thought to be due to shorter diffusion paths from the bulk coupled with 
slower Al depletion meaning the Al-Y activity remains high. These clusters of large precipitates 
and the increased oxide thickness at these regions is also likely to introduce further stresses into 
the TGO which could affect crack nucleation/propagation and ultimately failure life. 
 
Industrial gas turbines are often cycled and therefore two of the bond coats (CoCrAlY and 
CoNiCrAlY CT102) were examined after thermal cycling. Comparisons with isothermally aged 
samples showed that whilst the basic microstructures were similar, there was higher beta 
depletion and some internal oxidation in the thermally cycled samples. The largest difference 
observed in the thermally cycled samples however, was the nucleation of cracks within the 
samples. The thermally cycled CoCrAlY samples showed several cracks in the TGO however no 
spallation of any kind was seen and the coating was thought to be in the early stages of failure. 
The thermally cycled CoNiCrAlY samples after ageing for exactly the same times as the 
CoCrAlY samples, had completely failed with spallation of the TGO/TBC layers. In both the 
CoCrAlY and CoNiCrAlY bond coats multi-oxide/spinel ‘bubbles’ formed from asperities in the 
bond coat. These regions cannot be replenished quickly enough with Al from the bond coat which 
leads to breakaway oxidation of these areas. In much the same way as a wavy interface can 
introduce stresses into the TGO, it is thought that can these multi-oxide/spinel ‘bubbles’ can also 
lead to a stress build up. However the oxide ‘bubbles’ did not appear to be initiation points for 
cracking in the samples examined. 
12.3 Further Work 
A number of areas where further work would be beneficial have been identified as a result of this 
research. Unfortunately in this work it was not possible to complete a systematic analysis into the 
effects of changing processing parameters and their effect on both the microstructural evolution 
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and failure life during both isothermal and cyclic ageing. A detailed examination in which it is 
possible to alter single parameters such as gun settings (powder velocity/spray temperature etc), 
surface preparation operations (grit blasting/degreasing/finished surface roughness of the bond 
coat etc), and in addition to exploring this for different composition MCrAlY coatings would no 
doubt provide a huge amount of information which could be used to examine the microstructural 
effects of these changes. It is also desirable to ascertain systematically how these microstructural 
changes will affect the performance of the systems under thermal cycling conditions more 
realistic of actual service conditions. 
 
The ability to be able to model materials behaviour is also vitally important. The advantages of 
being able to predict the behaviour of a system without having to perform any experimental 
testing are twofold. Firstly, the ability to use models for the prediction of new coatings is 
paramount; an ability to test out new coating compositions and their performance without having 
to perform any experimental testing not only produces a time saving advantage but also allows 
developers to ‘shortlist’ coatings for specific properties, allowing the detailed testing of a few 
coatings rather than test lots of coatings to find a few worth analysing in detail. Secondly, the 
ability to use a model for existing coatings for aspects such as life extension of components is 
also vital. It is important to view complex coatings as material systems. Therefore, the modelling 
needs to incorporate all aspects of the system; unfortunately, this leads to a lot of variables that 
need to be included. This work has shown valuable insights that could be incorporated into these 
modelling programmes. However, the ‘bigger picture’ of coating life is still an area where further 
research is needed. This work has highlighted several areas where further detailed analysis of the 
TGO would be beneficial. 
 
Whilst Y precipitates within the bond coat have been discussed, it is not known exactly how 
much Y is actually in a metallic form within the bond coat. It would be possible to measure this 
for different bond coat systems via a solubility study for Y in different phases, and then look at 
the relationship between the amount of Y in metallic form and the resulting precipitate 
formations.  
 
The number of precipitates within the TGO has been quantified for the range of MCrAlY 
coatings examined. However, the precipitation rate depends upon the diffusion rate and the 
driving force to nucleate new precipitates such that at a certain level of each the optimum 
precipitate rate will be reached. Therefore simply raising the diffusion rate (due to an increase in 
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temperature), would not necessarily result in an increase in the precipitate rate. It would therefore 
be of value to analyse the number and type of precipitates forming at a range of temperatures for 
a single coating. 
 
The Ti-rich precipitates discovered in this work raise an interesting situation where it may be 
possible to get localised changes in the oxide structure, and consequently localised changes in the 
oxide stress state. Further investigation into this, and its effect on the TGO could be completed 
with an oxide study into the oxidation behaviour of a known MCrAlY coating, deliberately doped 
with impurities that are known to diffuse into coatings from the base alloy (Ti, Mo, W). 
 
Whilst the presence of these Y-rich precipitates in the TGO is widely acknowledged, there is still 
no clear consensus into whether or not they are beneficial or not. Further investigation into how 
the precipitates can affect aspects such as the TGO adhesion and oxidation behaviour, i.e. oxide 
growth rates (changes in cation/anion transport), stress states within the TGO (growth stresses, 
thermal expansion coefficient variances etc), would therefore be beneficial to gain an insight into 
whether these precipitate are actually beneficial to the system. 
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